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ABSTRACT 
Gossypium hirsutum L., the most important species of cultivated 
cotton, is a diverse species whose variation patterns reflect both 
natural phenomena and human selection and trade. Analysis of 
molecular marker variation, in the context of historical data, 
assisted in resolving the confounding affects of human domestication 
that heretofore have obscured the taxonomic and phylogenetic 
relationship between G. lanceolatum and G. hirsutum, natural patterns 
of interspecific gene flow between G. harbadense and G. hirsutum, and 
the geographical origin of domesticated G. hirsutum. In addition to 
uncertainty about its taxonomic circumscription, Gossypium lanceolatum 
represents the focal point of an hypothesis that tetraploid Gossypium 
have a polyphyletic origin. Réévaluation of this hypothesis using 
historical and molecular markers demonstrates that G. lanceolatum is 
genetically embedded within and cladistically indistinguishable from 
G. hirsutum. Thus, G. lanceolatum is more properly recognized as G. 
hirsutxm race 'palmeri' and both G. hirsutum sensu lato and tetraploid 
Gossypium are inferred to be monophyletic. Analysis of diagnostic 
cpDNA restriction site data and nuclear markers in sympatric and 
allopatric populations of G. hirsutum and G. harbadense lead to 
several conclusions: 1) introgression between G. hirsutum and G. 
harbadense is bidirectional for both nuclear and cytoplasmic genes; 2) 
patterns of introgression between the two species are not symmetrical; 
3) nuclear introgression is geographically more widespread and more 
frequently detected than cytoplasmic introgression. Complex genetic 
relationships among G. hirsutum populations obscure the geographical 
origin of domesticated G. hirsutum. Analyses of allelic variation at 
205 RFLP loci implicate the Yucatan peninsula as the site for the 
earliest stages of domestication. Further development and subsequent 
dispersal of Yucatan cultigens in southern Mexico and Guatemala may be 
the cause of the southern Mexico/Guatemala center of diversity 
traditionally interpreted as the origin of domesticated G. hirsutum. 
iv 
The gene pool of modern Upland cultivars derives from Mexican highland 
populations that in turn trace their origins to southern Mexico and 
Guatemala. Despite the wide diversity of introductions involved in 
the development of the Upland cotton, the genetic base is extremely 
narrow. This suggests that the more recent Mexican highland gene pool 
supplanted much of the early germplasm. 
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INTRODUCTION 
Dissertation Organization 
This dissertation deviates from the traditional format in that 
the body comprises three discrete papers that address specific 
questions bearing on the systematics and domestication of Gossypium 
hirsutum. The first paper, "On the specific status Of Gossypium 
lanceolatum Todaro, " was published in Genetic Resources and Crop 
Evolution in 1993 (Volume 40, pages 165-170). The second paper, 
"Bidirectional cytoplasmic and nuclear introgression in the New World 
cottons, Gossypium barbadense and G. hirsutum (Malvaceae)also 
published in 1993, appears in the American Journal of Botany (Volume 
80, pages 1203-1208). The final paper, "Reevaluating the origin of 
domesticated cotton (Gossypium hirsutum; Malvaceae) using nuclear 
restriction fragment length polymorphisms (RFLPs)," was submitted to 
the American Journal of Botany, February 1994, and is currently under 
review. 
Preceding these three papers, this preliminary chapter provides 
the historical and theoretical context within which these more 
narrowly circumscribed research projects were undertaken. The 
concluding PERSPECTIVES AND PROSPECTS chapter discusses the 
implications of the results described in the constituent papers within 
this broader framework. 
Bibliographic information for the literature cited in this 
dissertation can be found in one of four locations. A Reference or 
Literature Cited section follows each of the constituent papers 
containing only those citations relevant to that particular paper. 
Bibliographic information for literature cited in the INTRODUCTION and 
PERSPECTIVES AND PROSPECTS chapters is listed in REFERENCES which 
immediately follows PERSPECTIVES AND PROSPECTS. 
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Historical Context 
Gossypium hirsutum L., the most important of the four species of 
cultivated cotton, is a diverse species whose variation patterns 
reflect both natural phenomena and human selection and trade. 
Gossypium hirsutum diverged from its closest relatives 1-2 million 
years before present (Wendel and Albert, 1992). The result of the 
subsequent millennia of evolution, however, is largely obscured by the 
affects of approximately 4000-5000 years of human domestication (Smith 
and Stephens, 1971). Throughout its indigenous range, G. hirsutum 
exists nearly exclusively as a cultigen or feral escape from 
cultivation. Thus, every aspect of the 'natural' history of G. 
hirsutum must be viewed as a product of evolution subsequently 
modified by conscious and unconscious human selection and human-
mediated germplasm diffusion. This led Stephens (1958) to suggest 
that G. hirsutum "evolved under domestication." Although Stephens' 
statement cannot be taken literally, it does provide a critical 
perspective. Systematic studies of G. hirsutum cannot focus on 
evolutionary forces and mechanisms alone. They must also address the 
more recent but profound effects of human domestication that overlay 
the natural geographical patterns of ecological, morphological, and 
genetic diversity. 
Taxonomy of Goaaypium hirsutum 
Gossypium hirsutum L. is a morphologically diverse species with 
an indigenous range that encompasses semi-arid tropical and 
subtropical regions of Mesoamerica, the Caribbean, and northern South 
America (Fryxell, 1979). Within this range it occurs in a variety of 
forms that span the wild to domesticated continuum. This wealth of 
morphological and ecological diversity in G. hirsutum is underscored 
by the taxonomic and nomenclatural history of the species. At least 
3 0 specific epithets have been variously applied to some portion of 
the species (Fryxell, 1968, 1976, 1979). In 1928, however, Zaitzev 
suggested that the morphological and ecological diversity of G. 
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hirsutum obscured an underlying coherence. Unfortunately he died 
before he could formalize his insight in a taxonomic revision 
(Fryxell, 1979). Twenty years later, Hutchinson (1947) finally 
subsumed all of these narrowly circumscribed taxa into G. hirsutum L. 
All subsequent taxonomic treatments of this geographically widespread, 
ecologically and morphologically diverse entity are based on Zaitzev's 
insight. 
Since Zaitzev's time, the morphological diversity of G. hirsutum 
has continued to seduce monographers of the species. Along with his 
formalization of Zaitzev's concept of G. hirsutum, Hutchinson (1947) 
described three varieties in an attempt to accommodate this 
morphological diversity. Variety hirsutum includes short, compact, 
early-cropping forms that can be considered functionally annual. 
Known only from cultivation, var. hirsutum is morphologically more 
similar to the modern highly improved cultivars than the other two 
varieties. Hutchinson (1947) suggested that var. hirsutum arose in 
Guatemala and later spread throughout Mesoamerica as semi-domesticated 
cultigens. Variety punctatum (Schumacher) Hutch, comprises shrubby 
perennials primarily distributed throughout the gulf coastal states of 
Mexico. It occurs there in a variety of morphological forms and 
ecotypes in the wild-to-domesticated continuum. Variety marie-galante 
(Watt) Hutch, is a strongly arborescent perennial, limited largely to 
northern and northeastern South America and the Caribbean. 
During the 1940s a series of Mesoamerican collecting trips by 
Richmond [1945-46], Ware and Manning [1948], and Stephens [1946-47] 
(for details see Anonymous, 1974) provided Hutchinson (1951) with a 
wealth of new material. After three years of careful morphological 
evaluation of living material, Hutchinson (1951) replaced his earlier 
varietal circumscriptions with an informal system that recognized 
seven geographical races. 
Three of Hutchinson's geographical races correspond to his 
earlier varieties, now recognized as races 'latifolium,' 'punctatum', 
and 'marie-galante'. These three races were considered to have 
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"spread further than the rest, and [to] have undergone further 
differentiation" (Hutchinson, 1951, p 163.). Race 'latifolium' 
occupies a relatively narrow indigenous range in Guatemala and 
Chiapas, Mexico, from where it was envisioned to have spread 
elsewhere. Race 'marie-galante' is distributed from El Salvador 
eastward through Costa Rica and Panama to the larger part of its range 
as described above. Race 'punctatum' has a more northern distribution 
in the Yucatan Peninsula, Gulf coastal states of Mexico, and in many 
areas of the Caribbean, from where it spread in post-Columbian times 
to many areas of the Old World. The other four races, all perennial, 
are more narrowly distributed: race 'palmeri' (=G. lanceolatum 
Todaro) occurs primarily in the southern part of western Mexico; race 
'morrilli' is from the Mexican plateau from Oaxaca, Puebla, and 
Morelos northward to Sonora and Sinaloa; race 'yucatanense' is 
narrowly distributed in the northern, coastal part of the Yucatan 
Peninsula; race 'richmondi' is confined to the Pacific side of the 
Isthmus of Tehuantepec (southern Mexico and Guatemala). In addition 
to geographical distribution, plant habit characters (e.g., size and 
general growth form, number of branches and their aspect) provide most 
of the morphological distinctions between the races, supplemented by 
several leaf and seed characters, although Hutchinson admitted that 
racial distinctions tend to be obscured in regions of racial sympatry 
and in the "old and often mutilated house yard and hedgerow plants" 
(Hutchinson, 1951, p 165). 
This informal infraspecific classification is not universally 
accepted (Fryxell, 1968). For example, allozyme data indicate that 
the racial delimitations are incongruent with patterns of genetic 
diversity (Wendel et al., 1992), and Fryxell (1976) advocates 
abandoning Hutchinson's (1951) racial classification altogether. This 
later treatment represents the last thorough consideration of 
infraspecific categories in G. hirsutum and is the 'taxonomic' system 
used in classifying accessions in the National Collection of Gossypium 
Germplasm, maintained in College Station, Texas (Percival, 1987) . 
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The most readily identified of Hutchinson's races, race 
'palmeri', comprises a group of laciniate-leaved perennial cottons 
known primarily from commensal cultivation in Guerrero and the coastal 
region of western Oaxaca. In addition to its distinctive leaf 
morphology, race 'palmeri' is a highly floriferous, pyramidally 
shaped, glabrous shrub with small capsules and strong anthocyanin 
pigmentation in the stems and petioles. According to the field notes 
of Richmond, Ware and Manning, it occurs only as a commensal or as a 
feral escape (Hutchinson, 1951). These laciniate-leaved G. hirsutum-
like cottons were recognized by Watt (1907) as comprising four 
species, G. palmeri Watt (as G. palmerii), G. fruticulosum Todaro, G. 
schottii Watt, and G. lanceolatum Todaro. Hutchinson (1947) subsumed 
these four species within G. hirsutum, and then later (Hutchinson, 
1951) elevated the Oaxaca/Guerrero group of laciniate-leaved cottons 
to an informal rank as G. hirsutum race 'palmeri'. Fryxell (1979) 
removed G. hirsutum race 'palmeri' (as G. lanceolatum Todaro) from G. 
hirsutum, in part, on the basis of the seed-protein data of Johnson 
(1975). This minor issue of taxonomic rank takes on added 
significance because the recognition of G. lanceolatum as a distinct 
species is intertwined with ideas concerning the evolutionary origin 
of the New World tetraploid cottons. 
The divergence of the diploid Gossypium species was accompanied 
by a significant amount of chromosomal evolution. As a result the 
major diploid lineages within Gossypium are cytogenetically as well as 
morphologically distinct. Seven diploid genome groups, designated A-
G, have been described (Endrizzi et al., 1985). The ten-plus C and G 
genome species are indigenous to Australia, while the 12 A, B, E, and 
F genome species are indigenous to Africa, Arabia, and Asia. 
Approximately 12 New World D genome diploids are found in the southern 
United States, Mexico, and South America. 
The New World tetraploids are allopolyploids that combine the 
Old World diploid A-genome with a New World diploid D-genome (Wendel, 
1989) . Prevailing opinion has been that the five (or six, if one 
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recognizes G. lanceolatum) species of tetraploid Gossyplum are 
monophyletic, that is, they have diverged from a single common 
tetraploid ancestor (Endrizzi et al., 1985; Phillips 1963; Wendel and 
Albert, 1992). Although Johnson's data implicated the same A genome 
taxa as putative ancestors of the New World tetraploids, G. 
lanceolatum appeared to include seed proteins of a different D genome 
subgroup than the D genome taxa that appeared to contribute the seed 
proteins to the remaining G. hirsutum accessions. Based on these 
differences in seed protein profiles between G. hirsutum and G. 
lanceolatum, Johnson (1975) proposed an hypothesis that G. lanceolatum 
and G. hirsutum arose from different polyploid speciation events. 
Domestication of G. hirsutum 
The oldest archeological remains of G. hirsutum are from the 
Tehuacan Valley of Mexico, dating to from 4000 to 5000 years before 
present (BP) (Smith and Stephens, 1971), although this date should be 
considered tentative until additional stratigraphie and carbon-14 
dating information become available (P. Fryxell and J. Vreeland, pers. 
comm.). These cottons appear to have been introduced, domesticated 
forms, supporting the hypothesis that G. hirsutum has an ancient 
history of cultivation. 
This contention is supported by the observation that six of 
Hutchinson's geographical races (all but 'yucatanense') exist in 
various stages of domestication. Most common are "dooryard" cottons, 
which are commensals cultivated as solitary plants or in small plots 
for household or local needs, e.g., medicinal infusions, wound 
dressings, pillow stuffing, lamp wicks (Stephens, 1958). These plants 
typically are grown for many years and may develop trunks of up to 3 0 
cm in diameter, especially in race 'marie-galante.' They are widely 
believed to have undergone little deliberate selection and are thought 
to be derived largely from local progenitors. These cottons also are 
considered a frequent source of feral escapes, as they are often found 
in abandoned clearings, waste areas, and edges of villages. 
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Commercial scale plantings primarily involve race 'latifolium,' 
although early-cropping forms of race 'punctatum' have been developed 
in the Old World (Hutchinson, 1951). 
Given the lengthy and complex cultural history of G. hirsutum, 
it is worth considering the types of evidence that can address its 
time and place of original domestication, i.e., morphological and 
geographical comparisons with ancestral populations, in conjunction 
with studies of comparative diversity. A complication arises from the 
difficulty of distinguishing truly wild populations from those that 
are secondarily wild (feral) as a consequence of escape from 
cultivation followed by re-establishment in native vegetation. In 
fact, it is unclear whether any truly wild G. hirsutum populations 
exist, although naturally occurring wild or feral forms are found in 
beach strand and other littoral environments in many parts of the 
species' range (Hutchinson, 1951; Stephens, 1958; Fryxell, 1979). 
Many of these populations, however, exhibit one or more features 
suggestive of human selection (e.g., in lint characteristics), 
implying that they represent feral, self-seeding escapes from some 
earlier period in domestication (Hutchinson, 1951). This view was 
held by Stephens, who stated that "No primitive forms of the 
cultivated species of cotton have so far been recorded and in all 
probability they no longer exist" (Stephens, 1958, p 19). Others have 
viewed at least some of the littoral populations as representing the 
unimproved, natural condition, especially in race 'yucatanense,' which 
is never cultivated, and in race 'punctatum,' which includes many of 
these putatively wild populations. Fryxell, for example, contends 
that many of the "outpost shrubs" rimming the Gulf of Mexico represent 
wild G. hirsutum (Fryxell, 1979). 
Because he sees no selective advantage for long seed hairs in 
natural populations, Fryxell (1979) envisions wild G. hirsutum as 
having relatively short, sparse fiber (other traits characteristic of 
putatively wild populations are small fruits, small seeds, and a low 
lint percentage). These putatively wild, littoral cottons may 
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resemble the populations originally domesticated by humans. The 
alternative, i.e., that G. hirsutum with a higher lint percentage was 
originally domesticated, is more problematic, in that a hypothetical 
ancestor is required with a seed hair morphology that is unknown in a 
demonstrably wild plant. 
If the wild littoral cottons represent descendants of the type 
of G. hirsutum that was originally domesticated, there are few clues 
to the geographic locality of initial domestication, because such 
populations are geographically widespread. Arguably wild accessions 
have been collected from Martinique, Baja California, Michoacan 
(Mexico), Dominican Republic, Belize, Puerto Rico, Grenada, Honduras, 
Yucatan (Mexico), Veracruz (Mexico), Colombia, Jamaica, Seychelles, 
and Brazil. This lack of geographical coherence in putatively wild 
cottons is reflected in the allozyme data reported by Wendel et al. 
(1992). The ten wild accessions they examined were neither 
genetically distinct (no unique alleles) nor genetically coherent as a 
group. Thus, neither the geographic distribution of wild populations 
nor their genetic composition, as determined by allozyme data, 
provided useful clues to the geographic origin of domesticated G. 
hirsutum, nor to the question of whether it was domesticated more than 
once. 
A second criterion for inferring the geographical origin of 
domestication is the location of centers of diversity. As Harlan 
(1971, 1975) noted, however, centers-of-diversity and centers-of-
origin are not necessarily geographically congruent. In G. hirsutum a 
distinct center of morphological variation is found in southern Mexico 
and Guatemala (Hutchinson, Silow, and Stephens, 1947; Hutchinson, 
1951; Stephens, 1975) leading to the assumption that this was the site 
of original domestication. Patterns of genetic diversity revealed 
using allozymes, however, fail to implicate any particular region of 
the indigenous range as being exceptionally diverse relative to other 
areas (Wendel et al., 1992). Thus, the site of original domestication 
of G. hirsutum remains undetermined. 
9 
Development of Upland cotton 
Subsequent to European colonization of the New World, highly-
improved, annualized G. hirsutum cultivars known as Upland cotton were 
developed from the indigenous semi-domesticated perennial cottons 
described above. Upland cultivars currently are grown in more than 40 
nations in both tropical and temperate latitudes, from 47° N in Ukraine 
and 37° N in the United States to 32° S in South America and Australia 
(Niles and Feaster, 1984), and provide nearly 90% of the annual world 
cotton crop (Lee, 1984). In 1990, 12.4 million acres of cotton were 
grown in the United States alone, and its aggregate (fiber and seed) 
market value totaled approximately $5.5 billion (Anonymous, 1990). 
The origin and development of Upland cultivars occurred in 
several distinct stages. The earliest period (until approximately 
1750) involved the introduction of diverse germplasm from the 
Caribbean, Mexico, or Central America, either directly, or indirectly 
via trans-Atlantic re-introduction of Asian, Mediterranean, or 
Levantine stocks collected by early European explorers (Ware, 1951; 
Fryxell, 1968). Historical records, however, provide little detail 
regarding the ultimate New World geographic origins of both the direct 
and indirect introductions (Ware, 1951; Ramey, 1966; Niles and 
Feaster, 1984; Meredith, 1991) . Because of this, virtually nothing is 
known regarding the proportional contribution of germplasm from 
various potential source areas (Caribbean, Mexico, Central America) 
into the stocks that represented this earliest stage of Upland cotton 
development. Among indigenous G. hirsutum day-length control of 
flower initiation is variable and these early introductions must have 
varied in their ability to set seed in a temperate latitude. This 
initial stage, then, probably represented a period of selection for 
those introduced cultigens that could set mature seed under the long-
day conditions of the temperate United States cotton belt. 
The second stage of Upland development is characterized by the 
rise of commercial scale plantings. This did not begin in earnest 
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until the revolutionary war and the concomitant lack of access to Old 
World cotton and cotton products. During this period two types of G. 
hirsutum cultivars, "green seed" and "black seed," dominated United 
States cotton cultivation. The green-seeded stocks had longer, finer 
lint, higher yield, and better disease resistance than the black-
seeded stocks. Their tightly adherent lint, however, was difficult to 
gin and limited cultivation of green seed cultivars until the 
invention of Whitney's saw gin circumvented this problem (Affleck, 
1851; Wailes, 1854; Stephens, 1958). 
The third stage of Upland development began around 1800 with the 
introduction of day-length neutral Mexican highland stocks (Wailes, 
1854; Ware, 1951; Moore, 1956; Brown and Ware, 1958; Niles and 
Feaster, 1984). These new Mexican stocks were allowed to introgress 
with the local green seed and black seed stocks, leading to the 
development of cultivars of mixed ancestry that were vastly improved 
in many agronomic features, including longer and finer fiber, higher 
yield, shorter growing season, increased disease resistance, and 
relative ease of harvest (Wailes, 1854; Moore, 1956). 
In response to the devastation brought on by the boll weevil 
(Niles and Feaster, 1984), additional introductions began in the early 
1900s. Circumventing boll weevil-induced crop losses required earlier 
maturing varieties (Ware, 1951; Niles and Feaster, 1984). During this 
final stage of development, cultivars adapted to the specific 
ecological conditions of the four main cotton growing regions of the 
United States were developed. Consequently, most modern Upland 
cultivars can be categorized as one of the following four types : 
Acala, Plains, Eastern, or Delta (Niles and Feaster, 1984; Meredith, 
1991). Acala cultivars, grown primarily in irrigated regions of 
western Texas, New Mexico, and the San Joaquin Valley of California, 
have a complicated breeding history involving several introductions. 
They are based on Mexican stocks from the area surrounding Acala and 
Tuxtla, Mexico (Chiapas), with subsequent inputs of germplasm from the 
so-called "triple hybrid" (doubled [G. thurberi Todaro X G. arboreum] 
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X G. hirsutum) and perhaps G. barbadense (Ware, 1951; Niles and 
Feaster, 1984; Meredith, 1991). Delta cottons (e.g., 'Deltapine' and 
'Stoneville'), grown in the Mississippi Delta, Arizona, southern 
California, and elsewhere, are based primarily on pre-1900 cultivars, 
tracing to the 'Lone Star' group of cultivars, which, in turn, can be 
traced back to a mid-1880 Mexican introduction (Ware, 1951; Ramey, 
1966; Niles and Feaster, 1984). The Deltapine series apparently 
derives from Mexican introductions during the 1860s (Niles and 
Feaster, 1984) . Plains cottons, grown largely in northern Texas and 
Oklahoma, are predominantly based on 'Big Boll Stormproof stocks 
which were collected in Mexico about 1850. One prominent family of 
cultivars, the 'Paymaster' group, putatively includes 'Kekchi' 
germplasm collected in Guatemala in 1904 (Ware, 1951; Niles and 
Feaster, 1984). The last group of modern cultivars, the Eastern group 
(e.g., the 'Coker' family), is a heterogeneous assemblage of largely 
unknown pedigree. They are thought to consist primarily of selections 
from 19th and 20th century Mexican introductions, perhaps with 
introgressed G. barbadense germplasm (Niles and Feaster, 1984) . 
This history suggests that the modern Upland cotton gene pool 
was derived from a complex admixture of a relatively large number of 
introductions from a variety of sources. Allozyme data, however, 
demonstrate the Upland gene pool has undergone a significant genetic 
bottleneck (Wendel et al., 1992). This implies that only a small 
portion of the genetic material introduced into the United States has 
been retained in the modern highly improved Upland cultivars. 
The geographical origin, as inferred from allozyme allele 
frequency data (Wendel et al., 1992), of the Upland gene pool also 
conflicts with the historical record. First, the allelic composition 
of the group of Upland cultivars represents a subset of the allelic 
profile of accessions from southern Mexico and Guatemala rather than 
the Mexican highlands, as the historical record implies. Second, 
there is no evidence of genetic inputs from the Caribbean or other 
geographical regions of G. hirsutum's indigenous range. A possible 
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explanation for the discrepancy between breeding history and the 
allozyme data is that the stocks introduced from the Mexican highlands 
were based on material originally developed, and perhaps originally 
domesticated, in southern Guatemala. If this were so, it is unclear 
whether their subsequent transfer to Mexico resulted from migrations 
of pre-Columbian Indians or from the activities of later Spanish 
colonists. In either case, the Mexican highland stocks probably had 
undergone fairly extensive domestication prior to their introduction 
into the southeastern United States. Mexican highland stocks were 
particularly interesting to breeders because they were already nearly 
day-length neutral when introduced into the United States, a feature 
crucial to the development of successful Upland cultivars, 
particularly after the introduction and subsequent spread of the boll 
weevil into the southern United States. 
Interspecific introgreaaion between G. hirautum and G. barbadenae 
The extent and evolutionary significance of natural gene 
exchange between plant species have long been subjects of considerable 
discussion (reviewed in Anderson, 1949; Heiser, 1973; Rieseberg and 
Wendel, 1993). Empirical demonstrations of interspecific 
introgression have greatly increased in the last several years as a 
consequence of the widespread application of molecular genetic markers 
to natural systems. One generalization to emerge from these studies 
is that patterns of cytoplasmic (plastid and mitochondrial) and 
nuclear introgression in plants are typically asymmetrical: 
cytoplasmic gene flow or "capture" is frequently observed without 
evidence of nuclear introgression (e.g., Wendel et al., 1991; Dorado 
et al., 1992). In contrast, nuclear introgression without concomitant 
cytoplasmic introgression has rarely been demonstrated (reviewed in 
Rieseberg and Soltis, 1991; Rieseberg and Wendel, 1993). 
Using nuclear allozyme markers Percy and Wendel (1990) and 
Wendel et al. (1992) have documented extensive nuclear gene flow 
between G. hirsutum and G. barbadense. Gossypium hirsutum and G. 
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barbadense are fixed, or nearly fixed, for alternate alleles at 11 
loci: Acol, Aco3, Adh2, Arg2, Gdhl, Idhl, Nadl, Pgdl, Pgm6, Pgm7, 
Tpi7. Because G. hirsutum and G. barbadense are sympatric over much 
of their ranges in the Caribbean, and co-occur to a limited extent in 
Central America, it was expected that interspecific introgression 
would be most frequently detected in accessions from these regions. 
However, only one of 36 G. barbadense accessions from these regions 
showed evidence of G. hirsutum introgression (Percy and Wendel, 1990). 
Introgression of G. hirsutum germplasm into G. barbadense was 
widespread in modern commercial stocks, where 22% of accessions 
examined contained one or more introgressed G. hirsutum alleles. 
Twenty one G. hirsutum accessions were diagnosed as putatively 
introgressant (Wendel et al., 1992). In contrast to G. barbadense, 16 
of the 21 putatively introgressant G. hirsutum accessions are 
Caribbean: TX1229 (Jamaica), TX2219 (Jamaica), TX 2190 (Curaçao), 
TX1588 (Haiti), TX1822 (Dominican Republic), TX2025 and TX 2024(St. 
Kitts), TX2267 and TX2276 (Dominican Republic), TX1779 (Marie-Galante 
island), TX1795 and TX1797 (St. Barthélémy), TX802 (Cuba), TX226 
(Mexico), TX1367 (Tortola, UK Virgin Islands), TX1843 (Marie-Galante 
island). The remaining five accessions were collected from allopatric 
regions of Central America: TX712 and TX956 (Nicaragua), TXlll and 
TX141 (Guatemala), and TX794 (Belize). In contrast to the extensive 
introgression detected in G. barbadense cultivars, only two Upland 
cultivars contained introgressed alleles. 
These data indicating potential widespread transfer of G. 
barbadense alleles into G. hirsutum in a broad area of sympatry in the 
Caribbean are not without precedent. Stephens noted both 
morphological "shifts" of Caribbean G. hirsutum towards G. barbadense 
(Stephens, 1967), and a G. barbadense-specific anthocyanin allele that 
was common in G. hirsutum race 'marie-galante' and otherwise unknown 
in G. hirsutum (Stephens, 1974). Stephens (1967) listed race 'marie-
galante ' as an entity that may have actually originated as an 
introgressant product. In this regard it is worth note that two of 
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the five putatively introgressed Central American accessions listed 
above are classified as race 'marie-galante' (TXlll and TX141). 
Although the morphological, genetic, and allozyme data demonstrate 
introgression from G. barbadense into G. hirsutum race 'marie-
galante', definitive evidence for the introgressive origin of this 
race is, at present, lacking. 
The interpretation that accessions of Caribbean G. hirsutum are 
often introgressed with G. barbadense germplasm leads to the 
unexpected observation that patterns of interspecific introgression 
between G. barbadense and G. hirsutum are not reciprocal: in G. 
barbadense, introgression is rare in areas of sympatry and common only 
in modern cultivars, whereas in G. hirsutum, introgression is 
relatively common in the Caribbean and rare in Upland cotton (two of 
50 cultivars). Stephens reached a similar conclusion regarding 
reciprocal introgression in the Caribbean: "The evidence from gross 
morphology is consistent with the hypothesis of a "one-way" 
introgression from barbadense into hirsutum..." (Stephens, 1967, p 
126). Percy and Wendel (1990) speculated that the relative 
infrequency of G. hirsutum introgression into sympatric G. barbadense 
reflects the operation of one or more reproductive isolation 
mechanisms, and that persistence of introgressed alleles in modern 
cultivars results largely from human selection and maintenance. 
It is unfortunate that despite the wealth of nuclear markers 
used to characterize interspecific gene flow between G. hirsutum and 
G. barbadense, there are no studies of cytoplasmic gene flow. As 
discussed above, the a priori assumption is that interspecific 
chloroplast transfer will equal or exceed transfer of nuclear genes. 
This hypothesis is evaluated in this dissertation. 
Unresolved aspects of the ^natural' biology of G, hirsutum 
What the foregoing highlights is the extent to which 
domestication and introgression confound attempts to characterize the 
'natural' variation patterns of G. hirsutum. In particular. 
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domestication has significantly influenced levels and patterns of 
morphological and genetic diversity among indigenous populations of G. 
hirsutim. As a result, taxonomic circumscriptions of G. hirsutim have 
been fluid over time. Although the broad Zaitzevian concept of G. 
hirsutum is nearly universally accepted now, infraspecific 
classifications remain controversial. In particular, the relationship 
between G. hirsutum and G. lanceolatum (=G. hirsutum race 'palmeri') 
is unclear. The observation that G. lanceolatum is known only as a 
domesticated cultigen presents unique difficulties in settling this 
issue. It is difficult to evaluate whether the morphological 
differences that distinguish G. hirsutum and G. lanceolatum arose as a 
result of human selection or separate phylogenetic origins, and 
conversely, whether the traits they share reflect common ancestry, 
convergence, or interspecific gene flow. The validity of the other six 
geographical races described by Hutchinson is also questionable. 
Although this classification has been criticized, many scientists find 
them useful. This is particularly true among cotton breeders, begging 
the question: What do these entities represent? Do their overlapping 
morphologies and geographies disguise an underlying genetic coherence? 
More basic issues revolve around the nature and geographical 
distribution of wild G. hirsutum and the initial prehistorical stages 
of domestication. Because nearly the entire indigenous range is 
occupied by domesticated forms or their feral derivatives there is no 
agreement as to what constitutes wild G. hirsutum or what its natural 
predomesticated range was. Because human-mediated germplasra diffusion 
accompanies domestication, it is unwise to assume that the current 
indigenous range of G. hirsutum is congruent with the pre-domesticated 
range. In addition, the long and extensive cultural influences on G. 
hirsutum obscure the geographical location of original domestication 
(presumably somewhere within the natural predomesticated range). This 
knowledge is essential if we are to have any hope of reconstructing 
the events that led to the development of the extant landraces as well 
as Upland cotton. Furthermore, it is of interest not only for the 
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insight into the cultural history of G. hirsutum per se, but it will 
also provide significant insight into the process of domestication 
itself. Most importantly, this knowledge is necessary if we seek to 
understand the evolutionary genetics of the morphological and 
physiological transformations that accompanied domestication. 
Finally, it has become increasingly clear that interspecific 
gene flow represents a significant component of plant evolution 
(Rieseberg and Wendel, 1993) . In G. hirsutum introgression has been 
implicated in the development of race 'marie-galante'. Once again the 
issue is complicated by issues of domestication. Race 'marie-galante' 
is known primarily as cultigen. Furthermore, the discrepancy between 
observed patterns of introgression in modern improved cultivars and 
indigenous populations of both G. hirsutum and G. barbadense remains 
unexplained. Whether patterns of cytoplasmic gene flow are congruent 
with those seen with nuclear markers has never been addressed. The 
lack of clearly identified wild populations has prevented an 
assessment of whether introgression is limited to modern improved 
varieties and indigenous landraces or also can be documented for truly 
wild populations. 
To address these numerous and interrelated issues, a research 
program was designed using a combination of detailed population 
sampling and a variety of molecular markers, including isozymes and 
nuclear and chloroplast restriction fragment polymorphisms (RFLPs). 
Specifically, in this dissertation an attempt is made to answer the 
following questions : 
1) What is the extent and geographic distribution of cytoplasmic 
introgression between G. hirsutum and G. barbadense? 
2) Is cytoplasmic introgression between G. hirsutum and G. 
barbadense unidirectional or bidirectional? 
3) Are patterns of cytoplasmic introgression geographically 
congruent with patterns of nuclear introgression? 
4) Is southern Mexico and Guatemala a secondary center of 
diversity among indigenous G. hirsutum, and if so, what is 
the geographical source of the domesticated forms now growing 
there? 
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5) Are the coastal Yucatan populations of G. hirsutum feral or 
truly wild? 
6) Where is the original site of G. hirsutum domestication? 
7) Are levels and patterns of genetic diversity estimated using 
nuclear RFLPs congruent with those based on allozymes? 
8) Should G. lanceolatum Todaro be recognized as a distinct 
species? 
9) Did G. lanceolatum arise from a polyploid ancestor unrelated 
to the allotetraploid that diverged into the remaining 
polyploid New World Gossypium? 
In answering these specific questions the hope was that a more 
complete and synthetic understanding would arise regarding the natural 
and human-mediated evolution of G. hirsutum, as well as its present 
patterns of genetic diversity. 
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ON THE SPECIFIC STATUS OF GOSSYPIUM LANCEOLATUM TODARO 
A paper published in Genetic Resources and Crop Evolution^ 
Curt L. Brubaker and Jonathan F. Mendel 
Summary 
Gossypium lanceolatum comprises a group of laciniate-leaved 
commensal cottons from the Mexican states of Oaxaca and Guerrero. 
This geographically restricted, morphologically distinct group of 
perennial cottons has been considered conspecific with G. hirsutum, 
with which it is sympatric. In addition to its questionable specific 
status, G. lanceolatum has added importance because it represents the 
focal point of an hypothesis that New World tetraploid Gossypium has a 
polyphyletic origin--an hypothesis that conflicts with the more widely-
accepted view that New World tetraploid Gossypium have a monophyletic 
origin. To reassess the systematic and genetic relationships between 
G. lanceolatum and G. hirsutum, historical data were reconsidered in 
the context of recently published molecular marker based data. 
Chloroplast and nuclear DNA markers fail to discriminate G. 
lanceolatum from G. hirsutum, uniting both into a single phylogenetic 
lineage. A new analysis of allelic variability at 50 allozyme loci in 
11 G. lanceolatum and 527 G. hirsutum accessions demonstrates that G. 
lanceolatum has no unique alleles relative to G.hirsutum. Genetic 
identity estimates were uniformly high (>0.96) among G. lanceolatum 
and geographically adjacent, mainland Mesoamerican groups of G. 
hirsutum accessions. Multivariate analyses demonstrated that G. 
lanceolatum is genetically embedded within geographically adjacent 
populations of G. hirsutum. These data, in conjunction with the 
complete interfertility between the two taxa and previous evidence for 
^ Reprinted with permission from Genetic Resources and Crop Evolution 
1993, volume 40, pages 165-170. Copyright ® 1993 Kluwer Academic 
Publishers. 
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conspecificity, lead to the conclusion that G. lanceolatum does not 
warrant specific status. Rather, it is more properly recognized as a 
locally developed, domesticated form of G. hirsutum, i.e., G. hirsutum 
race 'palmeri'. 
Introduction 
Gossypium hirsutum L. (Malvaceae) is a morphologically diverse 
species with a wide geographical range in the subtropics and tropics 
of the New World. The antiquity of original domestication and the 
frequent and widespread generation of self-perpetuating feral 
populations have produced a diversity of morphological forms spanning 
the wild to domesticated continuum. Hutchinson (1951), in the most 
recent infraspecific taxonomic treatment, recognized seven informal 
categories, or geographical races: 'latifolium', 'palmeri', 
'punctatum', 'marie-galante', 'richmondi', 'morrilli', and 
'yucatanense'. The most readily identified of Hutchinson's races, 
race 'palmeri', comprises a group of laciniate-leaved perennial 
cottons known primarily from commensal cultivation in Guerrero and the 
coastal region of western Oaxaca. In addition to its distinctive leaf 
morphology, race 'palmeri' is a highly floriferous, pyramidally 
shaped, glabrous shrub with small capsules and strong anthocyanin 
pigmentation in the stems and petioles. According to the field notes 
of Richmond, Ware and Manning, it occurs only as a commensal or as a 
feral escape (Hutchinson, 1951). 
Laciniate-leaved G. hirsutum-like cottons were recognized by 
Watt (1907) as comprising four species, G. palmeri Watt (as G. 
palmerii), G. fruticulosum Todaro, G. schottii Watt, and G. 
lanceolatum Todaro. Hutchinson (1947) subsumed these four species 
within G. hirsutum, and then later (Hutchinson, 1951) elevated the 
Oaxaca/Guerrero group of laciniate-leaved cottons to an informal rank 
as G. hirsutum race 'palmeri'. Fryxell (1979) removed G. hirsutum 
race 'palmeri' (as G. lanceolatum Todaro) from G. hirsutum, in part, 
on the basis of the seed-protein data of Johnson (1975) . Despite 
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these data and the distinctive morphology and geography of G. 
lanceolatum, its specific status has been questioned by some (Endrizzi 
et al., 1985; Wendel and Albert, 1992). Evidence in favor of 
conspecificity include its complete interfertility with other 
components of G. hirsutum s.l., the fact that it is unknown as a wild 
plant and biochemical and cytogenetic data (Altman et al., 1990; 
Endrizzi, 1966; Hutchinson, 1951). 
The purpose of this note is to evaluate the specific status of 
G. lanceolatum Todaro, using recently published molecular data in 
conjunction with an examination of earlier cytological, morphological, 
and biochemical data. The issue of taxonomic rank takes on an added 
significance in that the recognition of G. lanceolatum as a distinct 
species is intertwined with ideas concerning the origin of the New 
World tetraploid cottons. New World tetraploids are allopolyploids 
that combine one genome of an Old World A-genome diploid with one from 
a New World D-genome diploid (reviewed in Endrizzi et al., 1985; 
Wendel, 1989). Prevailing opinion has been that the five (or six, if 
one recognizes G. lanceolatum Todaro) species of tetraploid Gossypium 
are monophyletic (Endrizzi et al., 1985; Phillips 1963; Wendel and 
Albert, 1992). The seed protein data of Johnson (1975), cited by 
Fryxell when he elevated G. hirsutum race 'palmeri' to specific 
status, was used by Johnson to promote an hypothesis that 
allopolyploid Gossypium have a polyphyletic origin. The focal point 
of Johnson's polyphyly hypothesis is G. lanceolatum (as G. palmeri 
Watt). 
Sources of Evidence 
All data relevant to the question of the specific status of G. 
lanceolatum are summarized in Table 2. With the exception of the 
allozyme data, all information is reported as originally published. 
The allozyme data were reanalyzed because the original analysis of 538 
accessions (Wendel et al., 1992) subsumed G. lanceolatum within G. 
hirsutum. Removing the 11 G. lanceolatum accessions (TXl, TX9, TX303, 
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TX316, TX322, TX340, TX757, TX1045, TX1530, TX2083, TX2089) from the 
remaining 527 G. hirsutum accessions allowed a reassessment of the 
genetic relationships between the two entities. Accession groupings 
for G. hirsutum are identical to those described in Wendel et al. 
(1992). 
Standard statistics for characterizing genetic variability were 
computed, including the proportion of polymorphic loci (P), the mean 
number of alleles per locus {A), and mean panmictic (= expected) 
heterozygosity (H = l- Z (Pi)^/ where the p^'s represent allele 
frequencies). Nei's (1978) genetic identity statistics were computed 
between G. lanceolatum and G. hirsutum at three levels: 1) G. hirsutum 
sensu Fryxell, 2) Caribbean and Mesoamerican G. hirsutum, and 3) 33 
geographic clusters of G. hirsutum (modern Upland cultivars represent 
a 34th group). These geographic subdivisions of G. hirsutum are 
described and justified in Wendel et al. (1992). A principal 
component analysis was based on mean allele fregencies for G. 
lanceolatum and the 34 subdivisions of G. hirsutum sensu Fryxell. 
This analysis was performed using version 1.7 of NTSYS-pc (Exeter 
Publ. Co., Setauket, NY). Cluster analysis was performed on a 
distance matrix (Rogers' genetic distance) using the unweighted pair 
group method (UPGMA), as implemented in the microcomputer version of 
BIOSYS-1 (release 1.7; D. Swofford, Illinois Natural History Survey, 
Champaign, IL). 
This reanalysis of the allozyme data demonstrates that G. 
lanceolatum exhibits reduced genetic variation relative to G. 
hirsutum. Of 50 allozyme loci screened, 11 were polymorphic (P=22%) 
and 63 alleles were detected (A=1.26). Mean panmictic heterozygosity 
(H) was estimated to be 0.091. As described in Wendel et al. (1992), 
G. hirsutum is polymorphic at 30 loci and 115 alleles were detected; 
mean panmictic heterozygosity was 0.163. Allele frequecies for the 34 
groups of G. hirsutum accessions can be found in Wendel et al. (1992); 
allele frequencies for G. lanceolatum are listed in Table 1. 
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No allele was detected in G. lanceolatum that was not also found 
within G. hirsutum sensu Fryxell. Because G. lanceolatum contains no 
unique alleles, it is not surprising that genetic identity estimates 
between G. hirsutum sensu Fryxell and G. lanceolatum are high (0.965). 
When G. lanceolatum is compared with Caribbean accessions of G. 
hirsutum, the genetic identity estimate drops to 0.926, but, when G. 
lanceolatum is compared to mainland accessions, the estimate rises to 
0.981. Comparisons of G. lanceolatum with the 34 smaller subsets of 
G. hirsutum accessions yield genetic identity estimates ranging from 
0.819 to 0.989. Gossypium lanceolatum shares genetic identity 
estimates greater than 0.970 with eight groups of mainland accessions: 
Belize (0.971), Guatemala II (0.975), Guatemala III (0.977), Honduras 
(0.971), Mexico I (0.975), Mexico IV (0.989), Mexico V (0.973), and 
El Salvador (0.982). 
Principal component analysis (Fig. 1), the first two components 
of which account for 50% and 11% of the total variation, depicts the 
same relationships within G. hirsutum s.l. described by Wendel et al. 
(1992), including the fundamental division of G. hirsutum accessions 
into Caribbean and Mesoamerican clusters. Gossypium lanceolatum 
clusters with the Mesoamerican groups of accessions, in particular, 
Mexico I, Mexico IV, Guatemala I, and Guatemala III. This same 
pattern of relationships, whereby G. lanceolatum is embedded within 
accession groups from mainland Mesoamerica, was revealed by UPGMA 
cluster analysis using Rogers' genetic distance (data not shown). 
Discussion 
The accumulated data overwhelmingly support the interpretation 
that G. lanceolatum does not warrant specific status (Table 2). 
First, G. lanceolatum is sympatric (Fryxell, 1979) and completely 
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Table 1. Allele frequencies for Gossypium lanceolatum at 30 allozyme 
loci that are polymorphic in G. hirsutum 
(Wendel et al., 1992) 
Aatl-4 1, ,00 Adh2-4 1 . 00 Leul-4 0, .82 Pgm2-4 0, ,36 
Aat2-l 0. ,09 Argl-3 0 . 09 Leul-5 0, ,18 Pgm2-8 0, ,64 
Aat2-4 0. ,55 Argl-4 0 .36 Mdh4-4 1, ,00 Pgm6-2 0 , 73 
Aat2-6 0, ,36 Argl-n 0 .55 Mdh6-4 0, 64 Pgm6-3 0, ,27 
Aat4-4 1, ,00 Arg2-2 1 
o
 
o
 Mdh6-6 0. ,36 Pgm7-2 1, ,00 
Acol-8 1, ,00 Enpl-3 0 .27 Nadl-4 1, ,00 Skdl-4 1, ,00 
Aco3-l 1. ,00 Enpl-4 0 .73 Pgdl-1 0 , , 77 Tpi3-4 0 . ,91 
Aco5-4 0, .18 Enp2-4 1 
o
 
o
 Pgdl-3 0. ,23 Tpi3-6 0 , 09 
AC05-6 0, ,82 Gdhl-2 1 .00 Pgd2-4 1, 
o
 
o
 Tpi4-4 0. ,73 
Adhl-4 1, ,00 Idhl-2 1 
o
 
o
 Pgd3-4 1. o
 
o
 
Tpi4-6 0. ,27 
Idh2-4 1 .00 Pgi3-4 1, ,00 Tpi7-4 1, ,00 
-  0.1 
0 PCA2 
-0.1 
-0.2 -0.1 0 0.1 0.2 
PCA1 
Figure 1. Principal component analysis of Gossypium lanceolatum and 
34 regional groups of G. hirsutum accessions (Wendel et 
al., 1992), based on a variance-covariance matrix of allele 
frequencies at 30 polymorphic allozyme loci. The first two 
principal components account for 50% and 11% of the total 
variance, respectively 
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Table 2. Summary of evidence bearing on the specific status of 
G. lanceolatum Todaro (G. hirsutum L. race 'palmeri' 
sensu Hutchinson) 
TYPE OF DATA SUMMARY REFERENCE 
Morphology Distinguishing characteristics of 
G. lanceolatum are found 
independently in G. hirsutum. 
Culture G. lanceolatum is known only as a 
cultigen collected from commensal 
or feral populations. 
Geography G. lanceolatum is embedded in the 
central part of the range of G. 
hirsutum. 
Hutchinson, 
1951; 
Stephens, 1945 
Hutchinson, 
1951; 
Fryxell, 1984 
Hutchinson, 1951 
Fertility 
Biochemistry 
Cytology 
Allozyme 
alleles 
Chloroplast 
DNA 
restriction 
site analysis 
Nuclear rDNA 
analysis 
G. lanceolatum is completely 
interfertile with G. hirsutum. 
G. lanceolatum and G. hirsutum 
share identical terpenoids. 
G. lanceolatum and G. hirsutum 
share identical chromosome end 
arrangements. 
G. lanceolatum alleles represent a 
subset of those found in G. 
hirsutum. Genetic identity between 
the two is typical of conspecific 
plant populations. 
Of 1000 restriction sites surveyed, 
none differentiate G. hirsutum from 
G. lanceolatum. 
G. lanceolatum and G. hirsutum 
share a 9.40 kb repeat that was not 
observed in any other tetraploid 
taxon. A survey of restriction 
site variation failed to 
differentiate the two taxa. 
personal 
observations 
Altman et al., 
1990 
Endrizzi, 1966 
This paper; 
Mendel et al., 
1992 
DeJoode and 
Wendel, 1992; 
Wendel and 
Albert, 1992 
DeJoode and 
Wendel, 1992 
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interfertile (data not shown) with G. hirsutum sensu Fryxell. Second, 
the distinguishing morphological characteristics of G. lanceolatum 
occur elsewhere in G. hirsutum sensu Fryxell. Lacinate leaves, the 
most distinctive diagnostic characteristic of G. lanceolatum, occur 
sporadically throughout the indigenous range of G. hirsutum and have 
been described as 'okra-leaf' mutants (Stephens, 1945). Third, G. 
lanceolatum is known only as a domesticate or as a feral derivative 
along roadsides, abandoned clearings or waste areas (Fryxell, 1984; 
Hutchinson, 1951). Fourth, G. lanceolatum and G. hirsutum share 
identical terpenoid profiles and chromosomal end arrangements (Altman 
et al., 1990; Endrizzi, 1966). 
These previous indications of conspecificity are strongly 
supported by more recently reported data based on molecular markers. 
A survey of 1000 cpDNA restriction sites failed to reveal a single 
difference between G. hirsutum and G. lanceolatum (DeJoode and Wendel, 
1992; Wendel and Albert, 1992). Gossypium hirsutum and G. lanceolatum 
also share a 9.40 kb nuclear rDNA repeat that does not occur in any 
other tetraploid Gossypium, with no rDNA restriction site differences 
detected to date (DeJoode and Wendel, 1992). Viewed from a cladistic 
standpoint, many of these molecular characters serve as shared, 
derived character-states that unite the two entities into a single 
lineage (see Figure 1 of DeJoode and Wendel, 1992). 
As revealed by allozymes, the allelic profile of G. lanceolatum 
represents a limited subset of the alleles found in G. hirsutum sensu 
Fryxell, i.e., G. lanceolatum contains no unique alleles. This 
allelic similarity is reflected in the high genetic identity estimate 
(I = 0.965), which is slightly greater than the average of 0.95 for 
conspecific plant populations (Crawford, 1990). Allozyme data thus 
demonstrate that G. lanceolatum has a relationship to G. hirsutum 
sensu Fryxell that is typical of populations of a single species. 
In addition to the overall allelic similarity between G. 
lanceolatum and G. hirsutum sensu Fryxell, G. lanceolatum fits 
expectations for conspecificity based on geographical considerations. 
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Genetic identity estimates between G. lanceolatum and geographically 
adjacent population groups of G. hirsutum from Belize, Guatemala II, 
Guatemala III, Honduras, Mexico I, Mexico IV, Mexico V, and El 
Salvador are all above 0.97, which is a typical pattern observed for 
geographically adjacent, conspecific plant populations. Principal 
component (Fig. 1) and cluster analyses support this conclusion, with 
G. lanceolatum clustering within Mesoamerican accessions. These data, 
the absence of cladistic discrimination, and the observations listed 
in Table 2 lead to the conclusion that G. lanceolatum is completely 
embedded within G. hirsutum sensu Fryxell. 
Notwithstanding the formidable evidence in favor of 
conspecificity, specific rank would be warranted if G. lanceolatum 
represents a tetraploid lineage that had a phylogenetic origin that 
was different than that of G. hirsutum sensu Fryxell. The only 
evidence in support of an independent origin hypothesis stems from 
Johnson's (1975) seed protein electrophoretic analysis. Johnson(1975) 
showed that while A-genome species shared very similar seed protein 
patterns, the D-genome species fell into two groups (designated Dp and 
Dg) differentiated by the presence or absence of a dense 5.6 cm band, 
respectively. All allopolyploid species had similar patterns, 
combining the A genome and Dp profiles, with one exception: 38 of the 
44 G. hirsutum race 'palmeri' accessions studied appeared to combine 
the A-genome pattern with the Dg profile; the remaining six G. hirsutum 
race 'palmeri' accessions were similar to the other tetraploids. 
Johnson postulated that at least two, and perhaps three, polyploid 
events must have occurred to produce these results : one event combined 
an A genome with the Dp genome to produce G. barbadense L. in South 
America; a second event combined the same A genome with a Dg genome to 
produce G. hirsutum race 'palmeri' (as G. palmeri). Gossypium 
hirsutum was suggested to have arisen from a complex of a AADpDp 
prototype (either G. barbadense or a Mexican AADpDp) and G. hirsutum 
race 'palmeri' (AADgDg) followed by hybridization with G. barbadense. 
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It is necessary to point out that Johnson's (1975) speculation 
of tetraploid polyphyly is based on evidence that would be considered 
insufficient by present standards, i.e., the variable presence of a 
single 5.6 cm band of uncertain homology in a low-resolution seed 
protein electrophoresis experiment. Furthermore, the extensive 
introgression that is postulated is directly contradicted by available 
evidence (Percy and Wendel, 1990; Wendel et al., 1992). The polyphyly 
proposal is based on a single character-state (absence of a 5.6 cm 
band) whose distribution may be more parsimoniously explained as a 
result of independent losses in Dg and some G. hirsutum L. race 
'palmeri' accessions. In contrast, the considerable body of evidence 
supporting conspecificity of G. lanceolatum and G. hirsutum (Table 2) 
includes a large number of independent characters. Accordingly, we 
conclude that G. lanceolatum is more properly recognized as a locally 
developed, domesticated form of G. hirsutum. Wendel et al. (1992), in 
a larger study of G. hirsutum, concluded that Hutchinson's seven 
geographical races are only weakly congruent with the observed 
patterns of allozyme variation, but until new infraspecific taxa are 
formally recognized, G. hirsutum race 'palmeri' is the most 
appropriate designation for the laciniate-leaved Mexican cottons. 
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BIDIRECTIONAL CYTOPLASMIC AND NUCLEAR INTROGRESSION IN THE NEW WORLD 
COTTONS, GOSSYPIVM BARBADENSE AND G. HIRSUTUM (MALVACEAE)^ 
A paper published in the American Journal of Botany 
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Abstract 
Patterns of interspecific cytoplasmic (plastid and 
mitochondrial) and nuclear introgression are typically asymmetrical: 
cytoplasmic gene flow or "capture" is frequently observed without 
evidence of nuclear introgression. In contrast, nuclear introgression 
without concomitant cytoplasmic introgression has rarely been 
demonstrated. Gossypium barbadense L. and G. hirsutum L. have large 
indigenous ranges in the New World semiarid tropics, with an extensive 
area of sympatry in the Caribbean and Central America. Numerous 
accessions of both species were surveyed for diagnostic cpDNA 
restriction sites. These data, in conjunction with previous 
information on nuclear markers, lead to several conclusions: 1) 
introgression between G. hirsutum and G. barbadense is bidirectional 
for both nuclear and cytoplasmic genes; 2) patterns of introgression 
between the two species are not symmetrical—in G. barbadense, 
introgression of G. hirsutum alleles is largely restricted to modern 
cultivars and is uncommon in areas of sympatry; in contrast, 
introgression of G. barbadense alleles into G. hirsutum is relatively 
common in areas of sympatry and is rare in modern cultivars; 3) 
nuclear introgression is geographically more widespread and more 
frequently detected than cytoplasmic introgression. Several 
mechanisms may underlie the differential patterns of cytoplasmic and 
nuclear gene flow observed, including differential fitness of 
^ Reprinted with permission from the American Journal of Botany 1993, 
volume 80, pages 1203-1208. Copyright ® 1993 Botanical Society of 
America. 
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infraspecific and interspecific cytonuclear combinations and selection 
against female function in interspecific backcrosses. Possible 
explanations for the observed asymmetrical patterns of introgression 
include differences in population sizes combined with phenological 
differences that bias interspecific pollen transfer. 
Introduction 
The extent and evolutionary significance of natural gene 
exchange between plant species have long been subjects of considerable 
discussion (reviewed in Anderson, 1949; Heiser, 1973; Rieseberg and 
Wendel, 1993) . Empirical demonstrations of interspecific 
introgression have greatly increased in the last several years as a 
consequence of the widespread application of molecular genetic markers 
to natural systems. One generalization to emerge from these studies 
is that patterns of cytoplasmic (plastid and mitochondrial) and 
nuclear introgression are typically asymmetrical : cytoplasmic gene 
flow or "capture" is frequently observed without evidence of nuclear 
introgression (e.g., Wendel, Stewart, and Rettig, 1991; Dorado, 
Rieseberg, and Arias, 1992). In contrast, nuclear introgression 
without concomitant cytoplasmic introgression has rarely been 
demonstrated (reviewed in Rieseberg and Soltis, 1991; Rieseberg and 
Wendel, 1993). 
Several sources of evidence have been used to document 
introgression of nuclear genes between the two New World tetraploid 
species of cotton, Gossypium barbadense L. and G. hirsutum L. 
(Stephens, 1967, 1974; Percy and Wendel, 1990; Wendel, Brubaker, and 
Percival, 1992). The magnitude and patterns of cytoplasmic 
introgression between the two species, however, have not been 
examined. Previous surveys of several allopatric accessions of G. 
hirsutum and G. barbadense documented the presence of species-specific 
plastid DNA (cpDNA) restriction sites (DeJoode and Wendel, 1992) , 
which provide an easily scored series of organellar markers for 
characterizing patterns of cytoplasmic introgression. Here we present 
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the results of a cpDNA survey of numerous accessions collected from 
throughout the indigenous ranges of both species and discuss these 
data in light of inferences drawn from nuclear markers. Of particular 
interest were the following questions: 1) What is the extent and 
geographic distribution of cytoplasmic introgression between the two 
species? 2) Is cytoplasmic introgression unidirectional or 
bidirectional? 3) Are patterns of cytoplasmic introgression 
geographically congruent with patterns of nuclear introgression? 
Materials and Methods 
A selection of 84 G. barbadense and 90 G. hirsutum accessions 
including commensal, feral, putatively wild forms, and improved 
cultivars were chosen to sample broadly the indigenous ranges of both 
species (Table 1). Gossypium hirsutum accessions were obtained from 
the National Collection of Gossypium Germplasm in College Station, 
Texas; G. barbadense accessions were obtained from the USDA-ARS 
working germplasm collection at Maricopa, Arizona. Full locality 
information is listed in Percival (1987). All accessions were 
maintained in the Iowa State University R. W. Pohl Conservatory prior 
to DNA extraction. 
Total genomic DNA was isolated from fresh leaves of a single 
plant of each accession using the method detailed in Paterson, 
Brubaker, and Wendel (1993). Aliquots of approximately 1 fig DNA were 
digested with restriction enzymes that revealed species-specific 
restriction site differences in surveys involving several allopatric 
accessions of G. barbadense and G. hirsutum (DeJoode and Wendel, 
1992). Resulting DNA fragments were electrophoresed in 1.0% agarose 
gels and transferred to nylon membranes (Zetabind). Membrane-bound 
DNAs were hybridized to ^^P-labeled Petunia cpDNA fragments as 
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Table 1. Gossypium barbadense and G. hirsutum accessions 
surveyed for introgressant cpDNA markers 
Place of origin Accessions 
Gossypium barbadense 
Argentina K133, K136, K144, K162, K172, K173 
Belize B231, B238, B250, B253, K23 
Bermuda B170 
Bolivia B405, B407, KlOl, K103 
Colombia B444, B460, B490, B671 
Costa Rica B718 
Cuba B139, B505 
Dominica B500 
Dominican Republic B106, B107 
Ecuador K65, WB326, WB334, WB356 
Galapagos B1213, B1214 
Guadeloupe B65, B68, B73, K44 
Guatemala K4, K6 
Haiti B117, B125, K37 
Honduras B204, PI415098 
Martinique B55, B56 
Nicaragua PI415104 
Paraguay K187, K189 
Peru B353, B366, B374, B375, CB4073, K78 , K80, WB621 
Society Islands B919, B937 
St. Lucia B51, B54, K50 
Trinidad B31 
Tuamotu Archipelago B922 
Venezuela B559 
Improved Cultivars Ashmouni (K248), Bahtim 185 (K250), Barbadense 
Tashkent (K260), CB3032, Giza 7(K254), Monserratt 
Sea Island (K246), Nevis Sea Island {K245), Old 
Pima (K238), PEE DEE 2164 (SA1563), Pima 32 
{K241), Pima 3-79, Pima S-1 (K242), Pima S-2 
(K243), Pima S-5, St. Vincent Superfine (K267), 
Sea Island. 12B2 (K256), Sea Island Seaberry 
(K257), Syrkhandar'in (PI441018), Tanguis 5-2/A 
(CB287), Termez (PI441014) 
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Table 1. (continued) 
Place of origin Accessions 
Gossypium hirsutum 
Aruba TX2214 , TX2216 
Belize TX724, TX725, TX766, TX794 
Bonaire TX2206 , TX2208 
Cuba TX802, TX902, TX903 
Curaçao TX2190 
Dominican Republic TX885, TX1822 
El Salvador TX235, TX1009 
Grenada TX853, TX856, TX858 
Guadeloupe TX1606 , TX1608, TX1S13 
Guatemala TXlll, TX115, TX141, TX184, TX210, TX367, TX372 
Haiti TX893, TX895, TX1588 
Honduras TX691, TX706, TX1045 
Jamaica TX1229 , TX2219 
Marie-Galante TX1779 , TX1842, TX1843, TX1848, TX1850, TX1853, 
TX1854 , TX2045 
Mexico TX226, TX488, TX1972, TX1973, TX2094 
Nicaragua TX712, TX956, TXlOlO, TX1091 
Panama TX974, TX1314, TX1315 
Puerto Rico TX878, TX882, TX883 
St. Barthélémy TX1795 , TX1797 
St. Kitts TX871, TX2024, TX2025 
St. Thomas TX873, TX874 
Tortola TX13G7 
Trinidad & Tobago TX2125 , TX2185 
Improved Cultivars Acala 1517D, Arkot 518, BR-115, Cascot 4, 
Cascot L-7, Cencot, Coker 139, Coker glandless. 
Delcot 344, Dunn 1047, Lankart 571, 
Lankart LX-571, Lankart PR75, Paymaster H86048, 
SJ-2, SJ-5, Stoneville 302, Stoneville 825, 
Tamcot CAMD-E, Tamcot SP-215 
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previously described (Wendel and Albert, 1992). Of the seven 
enzyme/probe combinations listed in DeJoode and Wendel (1992) that 
differentiate the plastomes of G. hirsutum and G. barbadense, four 
were screened in the accessions studied here: Banll/PlO, Clal/P4, 
Sacl/P10+P12, and Xbal/Pl. Each of these enzyme/probe combinations 
yields a readily scored, species-specific fragment pattern; the use of 
four diagnostic restriction sites rather than one was a conservative 
choice designed to accommodate the possibility of homoplasious 
restriction site gains or losses in individual accessions of either 
species. 
Results and Discussion 
Gossypium barbadense and G. hirsutum have large indigenous 
ranges in the New World semiarid tropics, with an extensive area of 
sympatry in the Caribbean and Central America (maps in Fryxell, 1979) . 
In sympatric populations there is a shift in the morphology of 
Caribbean and Central American G. hirsutum toward G. barbadense that 
Stephens (1967, 1974) attributed to "one-way introgression" of G. 
barbadense into G. hirsutum. Allele frequencies at three loci 
encoding morphological markers, however, suggest that genetic material 
has been transferred bidirectionally in areas of sympatry (Stephens, 
1967, 1974) . More recent analyses of allele frequencies at allozyme 
loci demonstrate that although introgression between G. hirsutum and 
G. barbadense has occurred in both directions, patterns of 
introgression are not symmetrical (see Table 2) . In G. barbadense, 
introgression of G. hirsutum alleles is largely restricted to modern 
cultivars and commensal accessions from Argentina, Paraguay, and some 
Pacific Islands and is uncommon in areas of sympatry (Percy and 
Wendel, 1990). In contrast, introgression of G. barbadense alleles 
into G. hirsutum is relatively common in areas of sympatry and is rare 
in modern cultivars (Wendel, Brubaker, and Percival, 1992) . Ongoing 
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Table 2. Summary of molecular evidence for introgression between 
Gossypium barbadense and G. hirsutum 
Accession® Place of origin Molecular marker^ 
Allozyme RFLP cpDNA 
Gossypium barbadense 
B125 Haiti NS Y 
B170 Bermuda Tpi3-6 NS 
B374 Peru NS Y 
B444 Colombia A1118-1B 
B559 Venezuela A1118-1B 
A1591-2A 
B919 Society Islands Pgdl-1 NS 
B922 Tuamotu Arch. Pgdl-1 NS 
B937 Society Islands Pgdl-1 NS 
B1213 Galapagos Tpi3-6 NS 
B1214 Galapagos Tpi3-6 NS 
CB4073 Peru Pgdl-1 NS 
K37 Haiti NS Y 
K65 Ecuador Tpi3-6 NS 
K103 Bolivia Tpi3-6 NS 
K133 Argentina A1189-2B 
K172 
K173 
K189 
K243 
Argentina 
Argentina 
Paraguay 
US 
Pgdl-1 
Tpi3-6 
Gdhl-2, ldhl-2, Pgml-2, 
Pgm3-2, Pgm6-2, Nadl-4, 
Arg2-1, Tpi7-4 
Gdhl-2, Idhl-2, Tpi7-4, 
Arg2-1, Aat2-6, Nadl-4, 
Pgdl-3, Leul-5, Pgml-2, 
Pgm3-2, Pgm6-2, Pgm7-2 
NS 
NS 
NS 
NS 
^Allozyme data are from Percy and Wendel (1990) and Wendel, 
Brubaker, and Percival (1992); these data provide 14 loci where G. 
barbadense and G. hirsutum are fixed or nearly fixed for different 
alleles. RFLP data are from Brubaker and Wendel (unpublished data); 
these data provide 15 loci where the two species are fixed or nearly 
fixed for different alleles. Introgressed plastomes, inferred from 
species-specific cpDNA restriction site markers, are denoted by 'Y'. 
'NS' designates accessions not studied. 
bpull locality information is provided in Percival (1987). 
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Table 2. (continued) 
Accession 
b 
Place of origin Molecular marker^ 
Allozyme RFLP cpDNA 
K267 Caribbean Pgdl-3 NS 
WB338 Ecuador Pgdl-1 NS NS 
PI441014 Turkmenistan Gdhl-2 NS 
Pima S-5 US NS A1100-2B, 
R1071-2A, 
R1134-1B 
Pima 3-79 US NS A1100-2B, 
R1071-2A, 
R1134-1B 
Gossypium hirsutum 
TXlll Guatemala Pgm6-4 
TX141 Guatemala Pgm6-4 
TX226 Mexico Nadl-n NS 
TX372 Guatemala A320-4B 
TX691 Honduras A320-4B 
TX712 Nicaragua Pgm6-4 NS 
TX794 Belize Arg2- 6 
TX802 Cuba Nadl-n NS Y 
TX956 Nicaragua Pgm6-4 NS 
TX974 Panama NS Y 
TX1091 Nicaragua A320-4B 
TX1229 Jamaica Acol-4 NS 
TX1267 Martinique A320-5B NS 
TX1367 Tortola Nadl-n NS 
TX1588 Haiti Enpl-5 NS 
TX1779 Marie-Galante Nadl-n NS 
TX1795 St. Barthélémy Nadl-n NS 
TX1797 St. Barthélémy Nadl-n NS 
TX1822 Dominican Rep. Enpl-5 NS 
TX1843 Marie-Galante Pgm6-4 NS 
TX2024 St. Kitts Pgm6-4 NS 
TX2025 St. Kitts Idh2-5 NS 
TX2094 Mexico A1536-2B 
TX2190 Curaçao Arg2-6 NS 
TX2219 Jamaica Arg2-6 NS 
TX2267 Dominican Rep. Idh2-5 NS NS 
TX2276 Dominican Rep. Idh2-5 NS NS 
Cascot L-7 US Nadl-n NS 
Lankart PR75 US Nadl-n NS 
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studies of nuclear RFLP variability in G. hirsutum and G. barbadense 
have similarly demonstrated bidirectional but asymmetrical patterns of 
introgression (Brubaker and Wendel, unpublished data, see Table 2). 
Of a total of 174 accessions examined here, only four G. 
barbadense accessions (B125 from Haiti, B374 from Peru, K37 from 
Haiti, and the widely distributed improved cultivar K243) and two G. 
hirsutum accessions (TX802 from Cuba and TX974 from Panama) were 
diagnosed as containing the plastome of the other species (Table 2). 
Relative to previous studies (Wendel, 1989; DeJoode and Wendel, 1992), 
no new restriction fragment profiles were observed. That so few 
accessions contained introgressed plastomes was unexpected given the 
number of accessions sampled and the higher percentage of 
introgressant accessions revealed with nuclear markers (Percy and 
Wendel, 1990; Wendel, Brubaker, and Percival, 1992). The provenance 
of the introgressed accessions generally conforms to the overall 
patterns of nuclear introgression described above. Both of the G. 
hirsutum accessions and two of the four G. barbadense accessions (K37 
and B125) with introgressed cytoplasms originated from geographic 
regions of historical or present sympatry in the Caribbean. The G. 
barbadense accessions Pima S-2 (K243) and B374 are accessions that 
have undergone extensive human manipulation: the development of the 
Pima cultivars involved deliberate and extensive use of G. hirsutum 
germplasm (Meredith, 1991), while B374 is a dooryard (commensal) 
cotton from the Sana Valley (R. G. Percy, personal communication). 
Because all four cpDNA markers used are maternally inherited 
(Wendel, 1989) as a linked, nonrecombinant block, it was expected that 
each would yield consistent results with respect to plastome 
identification. This was the case for all accessions of G. barbadense 
and all but two accessions of G. hirsutum, TX2025 (from St. Kitts) and 
the cultivar Paymaster H86048. In TX2025, two of the four 
enzyme/probe combinations (Xfaal/Pl and Clal/P4) produced fragment 
profiles that are typical of G. barbadense (both representing 
restriction site absences relative to G. hirsutum). Fragment patterns 
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obtained for Paymaster H86048 were as expected except with Xbal/Pl, 
where the G. barbadense condition was observed. Because these 
observations could have originated from experimental error, all 
experiments were repeated with newly extracted DNA. These replicate 
experiments yielded the same observations. 
At present, we have no satisfactory explanation for these 
observations. Among the several possible underlying phenomena, 
heteroplasmy is considered unlikely, as heteroplasmy is expected to 
result in additive fragment profiles rather than conflicting data 
across enzyme/probe combinations. One possibility is that the 
accessions in question have independently lost these particular 
restriction sites. This assumption requires, however, the loss of two 
restriction sites (of only four surveyed) in a single accession 
(TX2025) of a species where no cpDNA variation has previously been 
detected, as well as the independent loss of one of the same two sites 
in a second accession (Paymaster H86048). An alternative to the 
independent loss of restriction sites in the two accessions is that 
the Clal restriction site was homoplasiously lost in TX2025 while the 
Xbal restriction site was gained in the common cytoplasmic ancestor of 
most G. hirsutum subsequent to divergence of this lineage from the 
cytoplasmic lineage represented by TX2025 and Paymaster H86048. 
Because there is no evident close relationship between these two 
accessions, we view this latter alternative as improbable. 
Our inferences of introgression are based on the assumption that 
molecular markers (alleles or cpDNA restriction sites) that are fixed 
or nearly fixed in one species and occur in low frequencies in the 
other species do so as a consequence of historical interspecific gene 
flow. In principle, explanations other than introgression may be 
postulated, including phylogenetic sorting and symplesiomorphy. While 
these alternatives cannot be refuted with certainty for all marker 
alleles employed, several observations suggest that introgression is 
the most likely explanation. First, all putatively introgressed G. 
barbadense and G. hirsutum accessions originate from areas of sympatry 
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or have undergone some degree of human selection. In contrast, there 
is no evidence of introgression in allopatric, agronomically 
unimproved accessions of either species; it is improbable that 
differential retention of symplesiomorphic markers occurred only where 
G. barbadense and G. hirsutum are sympatric or in accessions having 
undergone agronomic manipulation. Second, because the development of 
the modern improved cultivars of G. barbadense and G. hirsutum 
involved the deliberate use of G. barbadense X G. hirsutum and G. 
hirsutum X G. barbadense hybrids (Meredith, 1991), evidence of 
interspecific gene flow in modern improved cultivars of both species 
is expected. Identification of introgressed markers is relatively 
straightforward in modern improved cultivars, and many of these 
markers are the same as those inferred as introgressant in commensal 
and naturalized populations in regions of sympatry. Third, many 
introgressant markers co-occur in putatively introgressant accessions; 
this would be an improbable result if phylogenetic sorting or 
symplesiomorphy was the causal phenomenon. 
Given these arguments, it is likely that our data provide robust 
estimates of the minimal levels of introgression occurring in both 
species. Several results may be highlighted. First, introgression 
between G. hirsutum and G. barbadense is bidirectional for both 
nuclear and cytoplasmic genes: 24 G. barbadense accessions contain G. 
hirsutum markers and 29 G. hirsutum accessions contain G. barbadense 
markers (Table 2). 
A second conclusion is that patterns of introgression between 
the two species are not symmetrical: introgression of G. hirsutum 
alleles into G. barbadense is detected only in commensal accessions 
from outside the native range and in modern improved cultivars that 
have undergone some degree of human manipulation. The converse is 
observed for introgression of G. barbadense alleles into G. hirsutum; 
that is, introgression is relatively common in wild or feral 
accessions from regions of historical or present sympatry and is rare 
in modern improved cultivars. 
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Part of the explanation for this unexpected asymmetricity may 
lie in differences in the timing of pollen release relative to corolla 
expansion in the two species (Kearney, 1923). As is common in the 
Malvaceae, G. barbadense and G. hirsutum flowers and pollen last only 
a single day. Typically, G. barbadense corollas begin to expand about 
an hour after dawn, continuing for approximately 4 hours. In most G. 
hirsutum populations, anthesis begins later but proceeds at a faster 
rate. By early afternoon, the stigmas of both species are no longer 
receptive and the petals wilt, followed by stigma and corolla 
abscission the following day. Gossypium barbadense pollen typically 
is released just prior to anthesis and is available as soon as the 
corolla aperture is large enough to permit insect entry; in contrast, 
G. hirsutum pollen is usually not shed until well after the corolla 
aperture is large enough to admit pollinators. Stephens and Phillips 
(1972) noted that in some forms of Caribbean G. hirsutum, pollen 
release is often delayed until midmorning. A consequence of this 
phenological difference is that early morning pollinators are most 
likely to be dusted with G. barbadense rather than G. hirsutum pollen. 
Therefore, bees active in the early morning can transfer G. barbadense 
pollen to G. hirsutum flowers before any G. hirsutum pollen is 
available. Only later in the morning is interspecific pollen transfer 
possible in the other direction. The net result, as Kearney (1923) 
observed, is that under equal conditions (both species growing side by 
side in equal numbers) more G. barbadense pollen is deposited on G. 
hirsutum stigmas than the converse. Consequently, G. hirsutum 
individuals more often serve as the seed parent in hybridization 
events. 
In addition to these phenological differences that promote 
unidirectional pollen transfer, G. hirsutum population sizes are often 
greater than those of G. barbadense in many areas of sympatry 
(Stephens and Phillips, 1972). Combined with the greater likelihood 
of G. hirsutum serving as the female parent, this leads to the 
expectation that individuals are more likely to be spatially 
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associated with G. hirsutum than G. barbadense populations. 
Therefore, backcrossing into G. hirsutum is expected to greatly exceed 
the converse. This scenario may account for the observation that in 
wild and naturalized populations, introgression is primarily 
unidirectional from G. barbadense to G. hirsutum (Table 2). 
The second component of the asymmetrical patterns of 
introgression is that introgression into modern, highly improved 
cultivars is evident almost exclusively in G. barbadense. Because the 
two species are completely interfertile (Kearney, 1923), the 
phenological and spatial differences that bias natural introgression 
patterns are easily overcome with human intervention. Deliberate 
introgression has, in fact, been practiced in breeding programs of 
both species (Meredith, 1991) . Several possibilities may be offered 
for the higher proportion of introgressed cultivars of G. barbadense 
than G. hirsutum, including different selection intensities against 
introgressed chromosome segments in the two species, variable numbers 
of backcrosses in post-introgression breeding programs, and different 
degrees to which introgression has been employed by plant breeders in 
the two species. 
In addition to the conclusions that introgression is 
bidirectional and asymmetrical, the data demonstrate that nuclear 
introgression into both species is geographically more widespread and 
more frequent than cytoplasmic introgression: only four of 84 G. 
hirsutum accessions and two of 90 G. hirsutum accessions studied 
contained the cytoplasm of the other species (Table 2). This 
observation conflicts with theoretical expectations and empirical 
evidence in plants, both of which demonstrate that cytoplasmic 
introgression nearly always exceeds nuclear introgression or occurs 
without evidence of nuclear introgression (reviewed in Rieseberg and 
Wendel, 1993). 
Several explanations have been offered for the preponderance of 
cytoplasmic introgression in plants (Rieseberg and Soltis, 1991; 
Rieseberg and Wendel, 1993) , including reduced male fertility (or 
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cytoplasmic male sterility) in individuals (e.g.. Dorado, 
Rieseberg, and Arias, 1992), differential fitness among particular 
cytoplasmic-nuclear genomic combinations (Wendel, Stewart, and Rettig, 
1991), and forms of apomixis involving gamete fusion without nuclear 
fusion (Wendel, Stewart, and Rettig, 1991). Because there are few 
examples of extensive nuclear introgression accompanied by limited 
cytoplasmic introgression in plants, as observed here, there has been 
relatively little discussion of the possible underlying mechanisms 
(see, however, Arnold, Buckner and Robinson, 1991; Arnold et al., 
1992; Cruzan and Arnold, 1993). Selection against "alien" cytoplasms 
or for native cytoplasmic-nuclear genomic combinations are 
possibilities, although there is little direct evidence of these 
phenomena (Cruzan and Arnold, 1993). A plausible ecological scenario 
involves spatially separated hybridizing taxa that experience limited 
genetic contact through seeds but significant pollen-mediated gene 
flow. In such cases, individuals produced through "alien" pollen 
transfer will contain the native cytoplasm, and because of the spatial 
separation between the parental taxa and limited seed dispersibility, 
hybrid individuals will be embedded in the maternal population (e.g., 
Arnold, Buckner, and Robinson, 1991). This scenario may, in fact, 
partially explain the results obtained for G. hirsutim and G. 
barbadense, as discussed above. 
In addition, genetic mechanisms that reduce female fertility in 
interspecific hybrids may play a role. Reduced female fertility or 
female sterility in hybrid individuals leads to backcrossing primarily 
or solely through F]^ pollen, thus greatly limiting or eliminating the 
spread of introduced cytoplasms. Such a mechanism, involving three 
codominant alleles at the corky locus, may be operative in Gossypiim 
(Stephens, 1946; Stephens, 1950; Stephens and Phillips, 1972). The 
three alleles are differentially distributed in G. barbadense and G. 
hirsutum: ck° is common to both species, is found only in 
Caribbean and northern South American G. hirsutum, while ckY is 
restricted to G. barbadense. The frequencies of in G. hirsutum 
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and ckV in G. barbadense are highest where these two species are 
sympatric. Five of the six possible corky genotypes produce normal 
phenotypes, but the sixth, ck^ckV, which can only be formed through 
interspecific hybridization, produces the 'corky phenotype'. This 
phenotype is characterized by a stunted habit, mosaic-patterned 
yellowing of the leaf mesophyll, and abnormally early and excessive 
cork production on the stems, petioles, and leaf midribs. Corky 
plants flower normally and produce fully viable pollen, but female 
fertility is severely reduced. As with the ecological mechanism 
described above, this simple genetic mechanism severely restricts 
seed-mediated (i.e., cytoplasmic) introgression while permitting 
pollen-mediated (i.e., nuclear) gene flow. 
Regardless of the factors responsible for the observed patterns 
of nuclear and cytoplasmic introgression between the two species, it 
is likely that the effects have been greater in G. hirsutum, where 
extensive introgression has been detected in wild and naturalized 
populations, than in G. barbadense, where introgression is largely 
restricted to cultivars. Although the evolutionary significance, if 
any, of introgression of G. barbadense genes into G. hirsutum is not 
known, it is clear that introgression has increased genetic diversity 
in the species : most of the RFLP and allozyme loci listed in Table 2 
are polymorphic in G. hirsutum solely as a consequence of 
introgression. It is also likely that introgression is responsible 
for the morphological shifts, described by Stephens (1967), of 
Caribbean G. hirsutum toward G. barbadense. 
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REEVALUATING THE ORIGIN OF DOMESTICATED COTTON 
(GOSSYPIUM HIRSUTUM; MALVACEAE) USING NUCLEAR RESTRICTION FRAGMENT 
LENGTH POLYMORPHISMS (RFLPS) 
A paper submitted to the American Journal of Botany-
Curt L. Brubaker and Jonathan F. Wendel 
Abstract 
The origin of domestication in Mesoamerican G. hirsutum 
populations is obscured by several factors, including the absence of a 
clearly identified wild progenitor, a complex population genetic 
structure, and many centuries of human-mediated dispersal and gene 
flow. Phenetic and phylogenetic analyses of allelic variation at 205 
RFLP loci were conducted in an effort to unravel this complicated 
history. The RFLP data, in conjunction with previously published 
molecular, morphological, and anthropological information, suggest 
that coastal Yucatan populations are truly wild rather than 
reestablished feral derivatives. The geographical proximity of these 
wild coastal populations to agronomically primitive forms of G. 
hirsutum implicates the Yucatan peninsula as the primary site for the 
earliest stages of domestication. Agronomically advanced cultigens 
developed in southern Mexico and Guatemala appear to have been derived 
from introduced Yucatan peninsular forms, thereby creating the 
secondary center of diversity that has traditionally been interpreted 
as the geographical point of origin of domesticated G. hirsutum. The 
gene pool of modern Upland cultivars derives from Mexican highland 
populations that, in turn, trace their origins to southern Mexico and 
Guatemala. Gossypium hirsutum is the first tetraploid perennial 
surveyed for RFLP variation. Levels of RFLP variation in G. hirsutum 
(Hj<=0.048, A=1.24, and P=22%) are low relative to other plant taxa, 
and, in contrast to the few comparable studies, levels of allozyme 
variation are higher than levels of RFLP variation. Despite assaying 
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205 loci, only six of the 23 Upland cultivars have unique multilocus 
genotypes. 
Introduction 
One of the widely applied criteria for identifying the 
geographical origins of crop plants has been the assumed 
correspondence between "centers of diversity" and "centers of origin" 
(Vavilov, 1992a, 1992b). For many crop plants, however, the 
geographical regions of high diversity are not equivalent to the 
primary geographical point of origin {Harlan, 1992) . Thus, additional 
evidence bearing on domestication has included historical information 
and/or genetic comparisons between cultivars and extant wild 
progenitors (Zohary and Hopf, 1988) . Unfortunately, critical 
historical information, including archaeological remains, prehistoric 
art and artifacts, and linguistics is often incomplete. Genetic 
comparisons, either direct (e.g., molecular markers) or indirect 
(e.g., cytogenetics, morphology, and ecology) between the cultivated 
forms and the wild progenitors have often been informative, but 
interpretations are often limited by confounding phenomena such as 
multiple domestications, human-mediated germplasm diffusion, 
introgression between early domesticates and wild individuals, 
reestablishment of self-perpetuating feral derivatives, and secondary 
inputs of wild germplasm into modern breeding stocks. These phenomena 
often create complex genetic structures that obscure lines of descent. 
Perhaps the most critical insights into domestication ultimately 
derive from the identification of wild progenitor populations. For 
plants domesticated in pre-historical times, it is most likely that 
original domestication took place in situ, that is, within the native 
pre-domesticated range of the species. Because domesticated plants 
typically expand their ranges under human manipulation, knowledge of 
the geographical distribution of the wild progenitors limits the 
regions that may be considered candidates for the site of original 
domestication (Zohary and Hopf, 1988). In addition, polarizing the 
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morphological, genetic, ecological, and physiological changes that 
accompany human manipulation require clearly identified wild 
progenitors (Zohary and Hopf, 1988). 
Many of the problems described above have frustrated attempts to 
unravel the domestication of Gossypium hirsutum L., the species of 
cotton that now dominates world cotton commerce (Lee, 1984; Niles and 
Feaster, 1984). Gossypium hirsutum has an indigenous range 
encompassing the semi-arid tropics and subtropics of the Caribbean, 
northern America, and Mesoamerica. Within this range G. hirsutum 
exists as a continuum of morphological forms from wild to 
domesticated. Wild G. hirsutum populations are widely scattered and 
common only as elements of undisturbed native coastal vegetation (Cook 
and Hubbard, 1926a,b; Hutchinson, 1951; Stephens, 1958; Sauer, 1967; 
Fryxell, 1979). The ecology and primitive agronomic morphology of the 
wild coastal forms clearly discriminate them from inland domesticated 
and feral populations. Fryxell (1979) regards these coastal 
populations as truly wild, but Hutchinson (1951) and Stephens (1958) 
argue that these populations represent feral derivatives reestablished 
as self-perpetuating elements in native vegetation rather than truly 
wild populations. 
The vast majority of indigenous G. hirsutum populations occur in 
inland regions and only in association with human settlements as row-
crops, commensal (dooryard) plants, or feral populations (Hutchinson, 
1951; Stephens, 1958; Fryxell, 1979). Despite dedicated attempts, no 
wild inland populations of G. hirsutum have ever been identified 
(Hutchinson, 1951). In contrast to the relative morphological 
homogeneity of the wild coastal populations, these domesticated and 
semi-domesticated plants occur in a wide range of morphological forms, 
from the short early-cropping Mexican and Guatemalan forms to the 
strongly arborescent late-cropping Caribbean and northern South 
American populations (Hutchinson, 1951). The most recent 
infraspecific circumscription of G. hirsutum, in which Hutchinson 
(1951) describes six domesticated races ('marie-galante', 'punctatum', 
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'richmondi', 'morrilli', 'palmeri', and 'latifolium') and only a 
single wild race {'yucatanense'), reflects this discrepancy. 
There are two clear centers of genetic diversity in G. hirsutum, 
one in the Caribbean and a second in southern Mexico and Guatemala 
(Wendel, Brubaker, and Percival, 1992). Within each of these 
geographical centers of diversity, relationships among accessions 
reflect pre- and post-Columbian cultural diffusion overlying natural 
pre-domestication geographical relationships. Most accessions from 
both centers of diversity reflect varying degrees of human 
manipulation (Hutchinson, 1951; Stephens, 1958; Fryxell; 1979), 
although wild coastal populations exist in each. 
Wendel, Brubaker, and Percival (1992), using geographical 
variation in allozyme allele frequencies, resolved the most recent 
stages of domestication in G. hirsutum, i.e., those that culminated in 
the modern highly improved Upland cultivars. Developed in the 
southern United States from domesticated early-cropping perennial 
antecedents. Upland cultivars are now cultivated world-wide in 
tropical, subtropical, and temperate latitudes (Lee, 1984) . In 
contrast to historical accounts, which record inputs of germplasm from 
diverse regions of both the Mesoamerican and Caribbean centers of 
diversity into the southern United States, genetic comparisons 
indicate that the Upland gene pool traces to a geographically 
restricted region encompassing southern Mexico and Guatemala (Wendel, 
Brubaker, and Percival, 1992). Accessions collected from this region, 
however, all show evidence of significant human manipulation, e.g., 
lint quality and quantity uncharacteristic of wild or primitive forms, 
and large seeds with permeable seed coats that germinate readily upon 
sowing rather than over a period of years (Fryxell, 1979). This 
suggests that southern Mexico and Guatemala represent a secondary 
center of diversity rather than the primary site of domestication. 
The lack of any geographically adjacent wild populations supports this 
interpretation (Hutchinson, 1951). 
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Resolving the events that produced this putative secondary-
center of diversity in southern Mexico and Guatemala requires teasing 
apart the confounding effects of human manipulation and diffusion from 
the underlying natural pattern of genetic relationships. To do this, 
we initiated a study of nuclear restriction fragment length 
polymorphism (RFLP) diversity in a carefully selected set of 
accessions encompassing the full range of morphological and 
geographical diversity within the Mesoamerican center of diversity. 
Because RFLPs offer a theoretically unlimited number of screenable 
loci relative to the finite number of allozyme or morphological 
markers, we hoped that the data would provide greater resolution and 
hence new insights into the earliest stages of cotton domestication. 
Specifically, we sought to answer the following questions: (1) Is 
southern Mexico and Guatemala a secondary center of diversity, and if 
so, what is the geographical source of the domesticated forms now 
growing there? (2) Are the coastal populations feral or truly wild? 
(3) Where is the original site of G. hirsutim domestication? In 
addition, we discuss the use of RFLPs to estimate levels and patterns 
of genetic diversity and the congruence of RFLP- and allozyme-based 
diversity estimates. 
Materials and Methods 
Plant materials 
We selected 65 Mesoamerican wild, feral, and commensal 
(landrace) accessions and 23 modern improved G. hirsutum cultivars 
(Upland cotton) for analysis (Table 1). Locality and collector 
information for each accession are available in Percival (1987). The 
65 wild, feral, and commensal accessions sample the geographical 
regions that Wendel, Brubaker, and Percival (1992) found to contain 
accessions genetically most similar to the modern highly improved 
(Upland) cultivars. All but 13 of these accessions have been 
classified according to Hutchinson's (1951) racial classification: 21 
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'latifolium', 7 'marie-galante', 4 'morrilli', 9 'palmeri', 7 
'punctatum', 2 'richmondi', and 2 'yucatanense'. The 23 modern Upland 
cultivars contain representatives of the four primary categories of 
commercial cotton grown in the United States: Eastern, Plains, Delta, 
and Acala (Niles and Feaster, 1984; Meredith, 1991). Eight G. 
barbadense L. accessions were included for comparative purposes and 
for outgroup-rooting topologies generated from phylogenetic analyses. 
DNA extraction and membrane preparation 
Newly expanded leaves from an individual plant per accession 
were frozen with liquid nitrogen and gently ground using a mortar and 
pestle chilled to -20°C. The resulting powder was resuspended and 
incubated at 60°C for 20 minutes in 2%(w/v)CTAB/lOOitM Tris-HCl(pH 8.0)/l.4M 
NaCl/20irM ECmKpH 8.0)/2% (w/v)PVP-40/0.2%(v/v)b-nercaptoethanol at a ratio of 3 
mis per gram of leaf tissue. This suspension was extracted two or 
three times with chloroform/ 
isoamyl alcohol (24:1), or until the aqueous phase was clear. After 
each organic extraction, 10%(w/v)CTAB/O.7M NaCl equal to 1/9 the 
volume of the supernatant (i.e., l/lO the final volume) was added to 
ensure that the DNA remained in solution. The DNA was initially 
recovered by adding 1.4 volume of 1%(w/v)CTAB/50mM Tris-HCl(pH 
8.0)/l0mM EDTA(pH 8.0). This lowers the molarity of NaCl to 0.35M, 
thereby causing the DNA and CTAB to co-precipitate (Murray and 
Thompson, 1980; Rogers and Bendich, 1985). To purify the DNA, the 
pellet was allowed to redissolve in a 'high salt TE' solution (lOmM 
Tris-HCl(pH8.0)/ImM EDTA(pH8.0)/IM NaCl) at 60°C for a maximum of 20 
minutes; this solution was centrifuged and the pellet discarded. The 
DNA was reprecipitated using ethanol or isopropanol, resuspended in 
'low-salt TE' (lOmM Tris-HCl(pH 8.0)/ImM EDTA(pH 8.0)), and stored at 
-20°C until use. 
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Table 1. Gossypium hirsutum and G. barbadense accessions studied. 
Gossypivim hirsutum accessions (groups 1-19) are grouped 
in genetically and geographically coherent entities; 
G. barbadense accessions constitute a single group (20) 
Group Description 
Number 
Collection Sites Accessions^ 
Gossypium hirsutum accessions 
1 Chiapas/Huehuetenango 
'latifolium' 
Chiapas, Mex 
Huehuetenango, 
Guat. 
TX21 (L) , TX34(L), 
TX58(L), TX60(L) 
TX242(L), 
TX1166(I) 
Jutiapa 'latifolium' Jutiapa, Guat. TX93(L), TX96(L), 
TX97(L), TX99(L), 
TX168(L) 
Chiquimula 'latifolium' Chiquimula, Guat. TX98(L), 
TXloe(L), 
TX142(L) 
Santa Rosa 'latifolium' Santa Rosa, Guat. TX116(L), 
TX180(L) 
Yucatan/Baja Verapaz 
'latifolium' 
Baja Verapaz, 
Guat. 
Yucatan, Mex. 
TX188(L) 
TX493(L) 
Puebla/Oaxaca 
'latifolium' 
Puebla, Mex. 
Oaxaca, Mex 
TX6(L) 
TX109(L) 
Bpull locality and collector information for ail Gossypium 
barbadense and G. hirsutum accessions, except the modern improved 
cultivars, can be found in Percival (1987). Gossypium hirsutum 
ccessions that have been racially classified following Hutchinson 
(1951) are indicated parenthetically as follows: L = 'latifolium'; MG 
= 'marie-galante'; MO = 'morrilli'; PA = 'palmeri'; R = 'richmondi'; Y 
= 'yucatanense'; PU = 'punctatum' NC = not classified. Unclassified 
landrace accessions showing advanced levels of agronomic improvement 
are designated, I. 
^This accession is listed in Percival (1987) as having been 
collected from Valle Nuevo, Guatemala. Valle Nuevo is actually found 
across the border in eastern El Salvador. 
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Table 1. (continued) 
Group Description Collection Sites Accessions^ 
Number 
El Salvador 
'latifolium' 
Pacific Coastal 
'palmeri' 
Southern Mesoamerica 
'palmeri' 
El Salvador 
El Salvador^ 
Guerrero, Mex. 
Oaxaca,Mex. 
Michoacan, Mex. 
Chiapas, Mex. 
Honduras 
Campeche, Mex. 
Yucatan, Mex 
TX235(L) 
TX119(L) 
TXl(PA), 
TX322 (PA) 
TX9(PA), 
TX303(PA) 
TX153 0(PA) 
TX51(PA) 
TX1045(PA) 
TX2083(PA) 
TX2089(PA) 
10 Zacapa 'punctatum' Zacapa, Guat. 
11 
12 
13 
14 
15 
Jutiapa Jutiapa, Guat. 
Oaxaca/Puebla/Veracruz Oaxaca, Mex. 
Santa Rosa/ 
El Salvador 
Chiapas 
Yucatan/Peten 
Puebla, Mex. 
Veracruz, Mex. 
Santa Rosa, Guat, 
El Salvador 
Chiapas, Mex. 
Yucatan, Mex. 
El Petén, Guat. 
TX94(PU), 
TX114(PU), 
TX115(PU), 
TX230(PU) 
TXlll(MG), 
TX141(MG), 
TX184(MG) 
TX192(MO), 
TX461(RI), 
TX746(NC) 
TX959(NC) 
TX367(MG), 
TX372(MG), 
TX379(MO) 
TX1009(MG) 
TX44(PU), 
TX1102(RI) 
TX481(PU), 
TX488(PU), 
TX745(NC), 
TX104S(Y), 
TX2094(Y) 
TX656(NC) 
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Table 1. (continued) 
Group Description Collection Sites Accessions® 
Number 
16 Honduras/Nicaragua 
17 Belize 
18 Zacapa/Alta Verapaz 
19 Upland Cultivars 
20 G. harbadense 
Honduras 
Nicaragua 
Belize 
Zacapa. Guat. 
Alta Verapaz, 
Guat. 
TX691(NC), 
TX706(NC) 
TX1091(MG) 
TX724(NC), 
TX725(NC), 
TX766(NC), 
TX794(NC) 
TX166(MO), 
TX210(MO) 
TX1156(NC) 
TX1163(NC) 
Acala SJ-2, All-Tex 857, Arkot 518, 
BR-115, Cascot 4, Cencot, Coker 
glandless, Coker 100 bloodless, Coker 
139, Delcot 344, Deltapine 50, Dunn 
325, Dunn 1047, GSC 27, Lankart 571, 
Lankart LX-571, Paymaster H86048, 
Paymaster H86010, Stoneville 302, 
Stoneville 825, Tamcot SP-215, Tamcot 
CAMD-E, 
Gossypium barbadense accessions 
Bolivia 
Modem improved 
cultivars 
Dominican 
Republic 
Belize 
Columbia 
Venezuela 
Argentina 
KLOL 
Pima 3-79, 
Pima S-5 
B106 
B250 
B444 
B559 
K133 
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Approximately 10 //g of DNA for each accession was digested with 
EcoRI, electrophoresed in a 0.8% agarose gel, and transferred to nylon 
membranes following Sambrook, Fritsch, and Maniatis (1989). Membranes 
containing EcoRI-restricted nuclear DNA of the diploid species G. 
arboreum L., G. herbaceum var. africanum (Watt) J. B. Hutch, ex Harl., 
G. raimondii Ulbrich, and G. trilobum (Mocino & Sessé ex DC) Skovsted 
were generated to aid in interpretation of the restriction fragment 
profiles. A total of 32 G. raimondii and 48 G. herbaceum var. 
africanum (Aj^-73) clones were hybridized to BcoRI-restricted nuclear 
DNA of all G. barbadense and G. hirsutum accessions. 
Library construction and hybridization 
Total nuclear DNAs of G. raimondii and G. herbaceum var. 
africanum (Ai-73) were digested with PstI and electrophoresed in 0.8% 
agarose gels. Fragments between 0.5 kb and 3.0 kb in size were 
isolated from the gel using DEAE cellulose membranes (Sambrook, 
Fritsch, and Maniatis, 1989) and ligated into pT7/T3a-18 plasmids 
(BRL) which were used to transform DH5a bacterial cells (BRL). 
Transformed bacterial clones with recombinant plasmids were identified 
by plating dilute solutions of transformed bacteria on an agar medium 
containing X-gal and ampicillin. Recombinant plasmids were isolated 
following Sambrook, Fritsch, and Maniatis (1989). Plasmid DNAs were 
digested with PstI and electrophoresed in 0.8% agarose gels along with 
standard molecular markers to confirm the presence of and determine 
the size of the inserts. Clones are designated by source library (G. 
herbaceum var. africanum or G. raimondii) and sequential numbers: 
clones from the G. raimondii library carry a 'R' prefix; G. herbaceum 
var. africanum clones are designated with an 'A' prefix. Because 
Gossypium has no chloroplast PstI fragments in the 0.5 - 3.0 kb size 
range (Wendel, unpublished data), it was unnecessary to screen clones 
for copy number prior to hybridization. The few probes that appeared 
to reveal high copy sequences were excluded from the study. 
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Recombinant plasmids carrying clones with numbers below 1000 
were isolated in this laboratory following Sambrook, Fritsch, and 
Maniatis (1989) and then linearized 3' to the insert with EcoRl. 
Recombinant plasmids carrying clones with numbers above 1000 were 
supplied to A. H. Paterson (Texas A&M University, College Station TX) 
as transformed bacterial colonies. Plasmid regions containing the 
insert and the flanking T3 and T7 RNA polymerase promoter sites were 
amplified with Tag DNA polymerase using the Ml3 forward and reverse 
primers (SPOlO and SP03 0, respectively; Operon Technologies, Alameda, 
CA). Aliquots of these PGR reactions were later returned to this 
laboratory. Regardless of the method of isolation, radioactively 
labeled RNA probes ("transcription labeling") were prepared from the 
cloned templates using T3 RNA polymerase and OTP [a-P^^] (Sambrook, 
Fritsch, and Maniatis, 1989). 
Hybridization protocols were based on those described by Murray 
et al. (1992). Prior to first use, membranes were preblocked for four 
hours in 2%(w/v)SDS/0.5%(w/v)BSA/lmM EDTA(pH 8.0)/imM 1,10-
phenanthroline. Hybridization was carried out overnight in lOOmM 
sodium phosphate(pH 7.8)/20mM sodium pyrophosphate/5mM EDTA(pH 
8.0)/0.5%(w/v)SDS/10%(w/v)sodium dextran sulfate/lmM 1,10-
phenanthroline containing 500mg/ml heparin [Sigma H-7005], 50mg/ml 
herring sperm DNA [Sigma D-3159], and 50 mg/ml yeast RNA [Sigma R-
6625] at 60°C. Membranes were washed in lOmM sodium phosphate(pH 
7.8)/0.5mM EDTA(pH8.0)/2.5mM sodium pyrophosphate/O.1%(w/v)SDS two-
three times at 60°C for 15-30 minutes and once at room temperature for 
30 minutes. Membranes were exposed to Kodak XAR-5 film with a single 
intensifying screen for 8 millirad-hours. Individual membranes were 
reused 10-20 times by removing (stripping) the hybridized probes. 
This was done by gently swirling the membranes in 30mM sodium 
hydroxide/lmM EDTA at room temperature for 15 minutes followed by 
three successive distilled water rinses. The membranes were 
neutralized in ImM EDTA(pH 8.0)/O.1%(w/v)SDS/5mM sodium 
phosphate(pH7.8) before reuse. 
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Genetic nomenclature and analysis 
Restriction fragment length polymorphisms (RFLPs) were coded as 
alleles at loci (Fig. 1). Each set of non-independently occurring 
fragments revealed by a clone was considered a locus and each fragment 
in that set was considered an allele with the single exception that 
fragments that co-occurred 100% of the time were scored as a single 
allele. Because G. hirsutum and G. barbadense are allotetraploids 
(designated as AD) combining A and D diploid genomes, the restriction 
fragment profiles of two A genome representatives, G. arboreum (A2-47) 
and G. herbaceum (Ag-SVEA^]), and two D genome representatives, G. 
raimondii and G. trilobum, aided phenotype to genotype translation. 
As a result, monomorphic regions with co-migrating duplicated 
fragments could be scored separately. Because probes typically 
revealed several loci, individual loci are designated by the probe 
employed appended with arbitrarily-assigned letters discriminating 
among the several loci revealed by that probe; alleles are designated 
by arbitrarily assigned numbers (see Fig. 1 and Table 2). 
Genetic variability was characterized using statistics that are 
routine in allozyme analysis, i.e., the proportion of polymorphic loci 
(JP) , the mean number of alleles per locus (A) , and mean panmictic ( = 
expected) heterozygosity (Hj< = 1- Z (Pi)^ averaged across all loci, 
where the Pj^'s represent allele frequencies). Multivariate 
relationships among individual accessions were explored with principal 
component analysis using a variance-covariance matrix derived from 
allele frequencies (Sneath and Sokal, 1973). Based on this analysis, 
G. hirsutum accessions were allocated to 19 accession groups (Table 1) 
and subsequent analyses were based on pooled allele frequencies. 
Homogeneity of gene frequencies among groups of G. hirsutum accessions 
were tested by contingency chi-square analysis (Workman and Niswander, 
1970). Apportionment of genetic variation among and within the 19 
groups of G. hirsutum accessions was estimated using Nei's (1987) Hy, 
Ggj; and Dgy coefficients. Genetic identities among the groups of G. 
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hirsutum accessions were calculated using Rogers' genetic identity 
coefficient (Rogers 1972). 
Phylogenetic relationships among the groups of G. hirsutum 
accessions were inferred by constructing rooted tree topologies from 
pairwise matrices of the following genetic distance measures : Rogers' 
(1972) distance; Modified Rogers' distance (Wright, 1978); Prevosti 
distance (Wright, 1978); Cavalli-Sforza and Edwards (1967) chord and 
arc distances. Initial topologies were generated from each matrix 
using the distance Wagner algorithm (Farris, 1972) and Swofford's 
(1981) addition criterion III. Five partial networks, selected using 
Prager and Wilson's F-value (1976), were saved at each step of the 
analysis. Branch lengths were optimized following Swofford (1981). 
This optimization procedure can produce negative branch lengths, but 
because negative patristic distances are uninterpretable, they were 
reduced to unresolved polychotomies. The computer programs BIOSYS 
(Swofford and Selander, 1981a,b) and NTSYS 1.70 (Rohlf, 1992) 
facilitated these analyses. 
Results 
Restriction fragment profiles detected with 48 G. herhaceum var. 
africanum (#^-73) and 32 G. raimondii cloned nuclear PstI fragments 
were scored in 88 G. hirsutum and eight G. barbadense accessions. 
Overall, 45 (56%) probes detected polymorphisms; 41 (51%) probes 
revealed polymorphisms within G. hirsutum. Only 14 (18%) probes 
revealed polymorphisms among the 23 Upland cultivars. 
On the basis of our genetic interpretation of the restriction 
fragment profiles, we scored 277 alleles at 205 loci (see Fig. 1 for 
an example). One hundred forty-one of the loci are monomorphic, 56 
loci are biallelic, and eight are triallelic. Table 2 lists pooled 
allele frequencies at the 64 polymorphic loci for the 19 groups of G. 
hirsutum accessions and for G. barbadense. 
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Probe: A1153 
A11S3A 
A1153B 
Fig. 1. Autoradiograph of EcoRI-digested genomic DNA of 29 Gossypium 
hirsutum accessions probed with PstI clone A1153. Two 
alleles were detected at A1153A and a single allele was 
detected at A1153B. A rare heterozygote at A1153A can 
seen in lane 10 
T 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
3 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
3 
62 
Allele frequencies at 54 polymorphic loci in Gossypium 
hirsutum populations (groups 1-19) and 
G. barbadense (group 20) 
1  2  3  4  5  6  7  8  9  1 0  
6  5  3  2  2  2  2  5  4  4  
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Table 2. (continued) 
Group 1  2  3  4  5  6  7  8  9  1 0  
N  6  5  3  2  2  2  2  5  4  4  
AlllSA 1  0  ,  0 0  0 .  , 0 0  0 .  , 0 0  0 .  , 0 0  0 ,  . 0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 .  , 0 0  0 ,  .  0 0  
2  1 ,  . 0 0  1 .  , 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  . 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  . 0 0  
A1124A 1  0 ,  , 7 5  1 .  . 0 0  0  .  , 6 7  1 ,  ,  0 0  1 .  . 0 0  1 .  , 0 0  1 ,  , 0 0  0 ,  , 6 0  1 .  , 0 0  0  ,  . 7 5  
2  0 ,  , 2 5  0 .  0 0  0 .  3 3  0 .  , 0 0  0  .  . 0 0  0 .  , 0 0  0 .  , 0 0  0 .  , 4 0  0 .  . 0 0  0 ,  . 2 5  
A1153A 1  1 .  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  . 0 0  1 ,  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 .  . 0 0  1 .  . 0 0  
2  0 ,  , 0 0  0  ,  , 0 0  0 .  , 0 0  0 .  , 0 0  0 ,  . 0 0  0  .  , 0 0  0  ,  0 0  0  ,  0 0  0 .  . 0 0  0  ,  . 0 0  
A1159F 1  1 .  , 0 0  1 .  0 0  1 .  . 0 0  1 ,  ,  0 0  1 .  . 0 0  1 ,  ,  0 0  1 ,  , 0 0  1 .  , 0 0  1 .  . 0 0  1 ,  . 0 0  
2  0 ,  , 0 0  0 ,  , 0 0  0 .  . 0 0  0  .  , 0 0  0 .  , 0 0  0 .  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 .  . 0 0  
A1159G 1  0 ,  , 0 0  0 .  , 0 0  0 .  . 0 0  0  .  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  . 0 0  
2  1 ,  , 0 0  1 .  , 0 0  1 .  . 0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  . 0 0  
A1172A 1  0 ,  , 0 0  0 .  . 0 0  0  .  0 0  0  ,  , 0 0  0 .  . 0 0  0 .  , 0 0  0 ,  , 0 0  0 .  , 0 0  0 .  , 0 0  0 ,  . 0 0  
2  0 .  , 0 0  0 .  , 0 0  0 .  .  0 0  0 .  , 0 0  0 ,  . 0 0  0 .  , 0 0  0 .  , 0 0  0 .  , 0 0  0 ,  , 0 0  0 ,  . 0 0  
3  1 ,  , 0 0  1 .  . 0 0  1 ,  .  0 0  1 .  , 0 0  1 .  . 0 0  1 ,  , 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 ,  . 0 0  
A1172B 1  1 ,  , 0 0  1 ,  . 0 0  1 .  . 0 0  1 .  , 0 0  1 .  . 0 0  1 .  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  . 0 0  
2  0 .  , 0 0  0  ,  0 0  0 ,  , 0 0  0 .  , 0 0  0  .  , 0 0  0 .  , 0 0  0 .  , 0 0  0 .  , 0 0  0 .  , 0 0  0  . 0 0  
A1172C 1  1 ,  , 0 0  1 .  , 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 ,  . 0 0  
2  0  ,  0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 .  , 0 0  0  .  , 0 0  0  .  , 0 0  0 ,  , 0 0  0 .  ,  0 0  0 ,  . 0 0  
A1174B 1  1 ,  , 0 0  1 .  , 0 0  1 .  , 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 ,  ,  0 0  1 .  , 0 0  1 ,  , 0 0  1 ,  , 0 0  
2  0  ,  0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  . 0 0  0 ,  , 0 0  0 ,  , 0 0  0 .  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0  . 0 0  
3  0 ,  , 0 0  0  .  , 0 0  0 ,  , 0 0  0 .  . 0 0  0  .  , 0 0  0 .  , 0 0  0 ,  , 0 0  0 .  , 0 0  0 .  , 0 0  0 ,  . 0 0  
A1179A 1  1 .  , 0 0  1 ,  ,  0 0  1 ,  , 0 0  1 .  . 0 0  1 ,  , 0 0  1 ,  , 0 0  1 .  , 0 0  0 ,  , 8 0  0 .  ,  7 5  0  . 7 5  
2  0 .  , 0 0  0 ,  , 0 0  0 .  , 0 0  0 ,  , 0 0  0 .  , 0 0  0  .  , 0 0  0  ,  0 0  0 .  , 2 0  0 ,  , 2 5  0 ,  . 2 5  
Alia9A 1  0 ,  , 0 0  0 .  , 0 0  0 .  , 0 0  0 .  , 0 0  0 .  , 0 0  0  ,  . 0 0  0 .  , 0 0  0 .  , 0 0  0 .  , 0 0  0  . 0 0  
2  1 ,  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  . 0 0  1 .  , 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  . 0 0  
3  0 ,  , 0 0  0 .  , 0 0  0 ,  , 0 0  0  .  , 0 0  0 .  , 0 0  0 ,  . 0 0  0 .  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  . 0 0  
A11B9B 1  0  ,  . 0 0  0 .  , 0 0  0 .  , 0 0  0 ,  . 0 0  0 .  , 0 0  0  ,  . 0 0  0 ,  . 0 0  0  ,  . 0 0  0 ,  , 0 0  0  . 0 0  
2  1 ,  . 0 0  1 .  , 0 0  1 .  , 0 0  1 .  . 0 0  1 .  , 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 .  , 0 0  1  . 0 0  
A1197A 1  1 ,  ,  0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  . 0 0  0 ,  , 5 0  1 ,  . 0 0  1 .  . 0 0  1 .  . 0 0  1 .  , 0 0  1  . 0 0  
2  0 ,  . 0 0  0  .  , 0 0  0 ,  , 0 0  0  .  0 0  0  .  , 5 0  0 .  . 0 0  0  .  0 0  0  .  0 0  0 ,  , 0 0  0  . 0 0  
A1536A 1  1 ,  . 0 0  1 .  , 0 0  1 .  ,  0 0  1 ,  . 0 0  1 ,  , 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  , 0 0  1  .  0 0  
2  0 ,  . 0 0  0 .  , 0 0  0 .  , 0 0  0 ,  . 0 0  0 .  , 0 0  0  ,  . 0 0  0  ,  . 0 0  0  ,  . 0 0  0 .  , 0 0  0  . 0 0  
A1536B 1  1 ,  . 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  . 0 0  1 .  , 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 .  , 0 0  1  . 0 0  
2  0 .  . 0 0  0  ,  . 0 0  0 ,  . 0 0  0 . 0 0  0 ,  . 0 0  0 ,  . 0 0  0  ,  . 0 0  0  ,  . 0 0  0 ,  . 0 0  0  . 0 0  
A1591B 1  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1  . 0 0  
2  0  ,  . 0 0  0 ,  . 0 0  0 ,  . 0 0  0 ,  . 0 0  0 .  . 0 0  0 ,  . 0 0  0  ,  . 0 0  0  ,  . 0 0  0 ,  . 0 0  0  . 0 0  
G509A 1  1 ,  . 0 0  1 .  . 0 0  1 .  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 .  . 0 0  1  . 0 0  
2  0  . 0 0  0 ,  . 0 0  0 ,  . 0 0  0  .  0 0  0  . 0 0  0  . 0 0  0  . 0 0  0  ,  . 0 0  0 ,  . 0 0  0  
o
 
o
 
GSlOA 1  1  . 0 0  1 ,  . 0 0  1 .  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1  . 0 0  
2  0  . 0 0  0 ,  . 0 0  0 ,  . 0 0  0  . 0 0  0 ,  . 0 0  0  . 0 0  0 ,  . 0 0  0  .  0 0  0 ,  . 0 0  0  . 0 0  
G510D 1  1  . 0 0  1 ,  . 0 0  1  . 0 0  1  . 0 0  0 .  . 5 0  1  . 0 0  1 .  . 0 0  1 ,  . 0 0  0  ,  . 7 5  1  . 0 0  
2  0  . 0 0  0  . 0 0  0  . 0 0  0  . 0 0  0  . 5 0  0  . 0 0  0  . 0 0  0  . 0 0  0  . 2 5  0  . 0 0  
G512A 1  0  . 1 7  0  . 8 0  0  . 6 7  0  . 0 0  0  . 0 0  0  . 0 0  0  . 5 0  0  . 2 0  0  . 0 0  0  . 0 0  
2  0  .  8 3  0  . 2 0  0  . 3 3  1  . 0 0  1  . 0 0  1  . 0 0  0  . 5 0  0  . 8 0  1  .  0 0  1  
o
 
o
 
G521B 1  0  . 5 0  0  . 2 5  0  . 5 0  1  
o
 
o
 0  . 5 0  0  
o
 
o
 0  . 0 0  1  . 0 0  0  . 5 0  0  . 6 7  
2  0  
o
 
in 0  . 7 5  0  . 5 0  0  . 0 0  0  . 5 0  1  . 0 0  1  . 0 0  0  . 0 0  0  . 5 0  0  . 3 3  
G521C 1  1  . 0 0  1  . 0 0  1  . 0 0  1  . 0 0  0  . 5 0  1  . 0 0  1  . 0 0  1  .  0 0  0  . 7 5  1  . 0 0  
2  0  
o
 
o
 0  . 0 0  0  . 0 0  0  . 0 0  0  . 5 0  0  . 0 0  0  . 0 0  0  . 0 0  0  . 2 5  0  o
 
o
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Table 2. (continued) 
Group 1  2  3  4  5  6  7  8  9  1 0  
N  6  5  3  2  2  2  2  5  4  4  
G523A 1  0 ,  , 4 0  0 .  , 2 0  0  ,  0 0  0 ,  , 0 0  0 .  , 5 0  0  ,  0 0  0  .  , 0 0  0 ,  . 0 0  0 ,  . 0 0  0  . 0 0  
2  0 .  , 6 0  0 .  ,  8 0  1 ,  , 0 0  1 .  , 0 0  0  .  , 5 0  1 .  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 .  , 0 0  1  . 0 0  
3  0 .  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0  .  , 0 0  0 ,  , 0 0  0 .  ,  0 0  0  .  , 0 0  0  . 0 0  
G523B 1  1 ,  , 0 0  1 ,  , 0 0  1 ,  . 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  . 0 0  1 ,  , 0 0  1  . 0 0  
2  0 .  , 0 0  0 .  , 0 0  0 .  , 0 0  0 ,  ,  0 0  0 ,  , 0 0  0 .  , 0 0  0  .  , 0 0  0 ,  . 0 0  0 ,  , 0 0  0  . 0 0  
G524A 1  0 .  , 6 0  0 ,  , 6 0  1 .  , 0 0  0 .  , 5 0  1 .  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 .  , 0 0  0  . 5 0  
2  0 .  , 4 0  0  .  , 4 0  0 ,  , 0 0  0  .  , 5 0  0 ,  , 0 0  0 ,  , 0 0  0  ,  0 0  0 .  , 0 0  0 .  , 0 0  0  . 5 0  
G530A 1  0  ,  1 7  0 ,  , 4 0  0  ,  3 3  0 ,  , 5 0  0 ,  , 0 0  0  ,  0 0  0 .  , 0 0  0  ,  . 0 0  0  ,  0 0  0  . 2 5  
2  0 .  , 8 3  0 .  , 6 0  0 ,  , 6 7  0 .  , 5 0  1 ,  ,  0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  . 0 0  1 ,  , 0 0  0  . 7 5  
GlOOSA 1  0 ,  , 8 3  0 .  , 2 5  0 ,  , 3 3  1 .  , 0 0  0 ,  , 0 0  0 .  , 7 5  0 .  , 5 0  0 ,  , 8 0  0 ,  , 2 5  0  . 1 3  
2  0  .  , 1 7  0 ,  , 7 5  0  .  , 6 7  0 ,  , 0 0  1 .  , 0 0  0  .  , 2 5  0 ,  , 5 0  0  ,  2 0  0  .  , 7 5  0  . 8 7  
G1005C 1  0 ,  , 0 0  0  ,  0 0  0 ,  , 0 0  0  ,  . 5 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  . 0 0  0  ,  0 0  0  . 2 5  
2  1 .  , 0 0  1 ,  ,  0 0  1 ,  , 0 0  0 ,  , 5 0  1 .  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  . 0 0  1 ,  , 0 0  0  . 7 5  
G1005E 1  0 .  , 0 0  0 ,  , 0 0  0 .  , 0 0  0 .  , 0 0  0  .  , 0 0  0 ,  , 0 0  0  .  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0  . 0 0  
2  1 .  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 .  , 0 0  1 .  , 0 0  1 .  , 0 0  1  . 0 0  
G1014A 1  0  ,  . 1 7  0  ,  5 0  0 ,  . 6 7  0  ,  0 0  0 ,  , 0 0  0  ,  0 0  0 .  , 5 0  0 ,  . 0 0  0  ,  0 0  0  . 0 0  
2  0 ,  , 8 3  0 ,  , 5 0  0  ,  3 3  1 ,  , 0 0  1 .  , 0 0  1 ,  , 0 0  0 ,  , 5 0  1 ,  . 0 0  1 ,  . 0 0  1  . 0 0  
G10S9B 1  0 .  , 0 0  0 .  , 0 0  0  ,  0 0  0 ,  , 0 0  0 .  , 5 0  0 .  , 0 0  0 ,  , 5 0  0 ,  . 8 0  0 .  , 7 5  0  00
 
<
 
2  1 .  , 0 0  1 .  , 0 0  1 .  , 0 0  1 .  , 0 0  0 .  , 5 0  1 ,  , 0 0  0 .  , 5 0  0 .  , 2 0  0  .  , 2 5  0  . 1 3  
GIQVIB 1  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  . 0 0  1 ,  . 0 0  1  . 0 0  
2  0 ,  , 0 0  0 ,  . 0 0  0  ,  0 0  0 ,  . 0 0  0 ,  , 0 0  0 ,  , 0 0  0 .  , 0 0  0 ,  . 0 0  0 ,  . 0 0  0  
o
 
o
 
G1082A 1  1 .  , 0 0  1 .  ,  0 0  1 ,  ,  0 0  1 ,  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1  . 0 0  
2  0 .  , 0 0  0 .  , 0 0  0 ,  , 0 0  0 .  , 0 0  0 .  , 0 0  0  .  , 0 0  0  ,  0 0  0  .  , 0 0  0 .  , 0 0  0  
o
 
o
 
G1088A 1  0  ,  . 4 2  0 ,  . 7 5  1 ,  . 0 0  0 ,  , 0 0  1 ,  . 0 0  0 ,  . 5 0  1 ,  , 0 0  0  . 2 0  0  ,  . 5 0  0  . 8 7  
2  0 ,  . 5 8  0  ,  2 5  0 ,  . 0 0  1 ,  . 0 0  0 ,  , 0 0  0  ,  5 0  0 ,  , 0 0  0  ,  . 8 0  0 ,  . 5 0  0  . 1 3  
G1124A 1  0 ,  , 3 3  1 .  , 0 0  0  ,  3 3  0 ,  , 0 0  0 .  , 0 0  0 .  ,  0 0  0  .  , 0 0  1 ,  . 0 0  0 ,  , 5 0  0  . 0 0  
2  0 .  , 6 7  0 .  , 0 0  0 ,  , 6 7  1 .  , 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  , 0 0  0 .  , 0 0  0  .  , 5 0  1  . 0 0  
3  0 ,  . 0 0  0  ,  . 0 0  0 ,  . 0 0  0  ,  . 0 0  0  ,  0 0  0  ,  0 0  0 .  , 0 0  0  ,  . 0 0  0 ,  . 0 0  0  
o
 
o
 
G1124B 1  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  . 0 0  1  . 0 0  
2  0 ,  , 0 0  0  ,  0 0  0  ,  0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0  .  , 0 0  0  ,  0 0  0 .  , 0 0  0  . 0 0  
G1132A 1  0  ,  . 0 0  0 ,  , 0 0  0  ,  ,  0 0  0 .  , 0 0  0 .  , 0 0  0 .  , 0 0  0 ,  , 0 0  0  ,  0 0  0 ,  , 0 0  0  . 0 0  
2  1 .  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 .  ,  0 0  1 .  , 0 0  1  
o
 
o
 
G1132B 1  1 <  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  , 0 0  1 ,  . 0 0  1 .  , 0 0  1 ,  . 0 0  1 ,  , 0 0  1  . 0 0  
2  0 ,  , 0 0  0 ,  . 0 0  0  ,  . 0 0  0 ,  , 0 0  0  ,  0 0  0 ,  , 0 0  0 .  , 0 0  0  ,  . 0 0  0 ,  , 0 0  0  o
 
o
 
3  0  ,  . 0 0  0 ,  , 0 0  0 ,  . 0 0  0 ,  , 0 0  0 .  , 0 0  0 ,  , 0 0  0  .  , 0 0  0 .  , 0 0  0 .  , 0 0  0  . 0 0  
G1134A 1  0 ,  , 0 0  0 .  , 0 0  0 .  , 0 0  0 .  , 0 0  0 .  , 0 0  0  .  , 0 0  0 ,  , 0 0  0  .  ,  0 0  0  .  , 0 0  0  . 0 0  
2  1  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  , 0 0  1 ,  . 0 0  1 ,  , 0 0  1 ,  . 0 0  1 ,  . 0 0  1  . 0 0  
G1134C 1  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  . 0 0  1 ,  , 0 0  1  
o
 
o
 
2  0 ,  . 0 0  0 ,  . 0 0  0 ,  . 0 0  0  ,  0 0  0 ,  , 0 0  0 ,  . 0 0  0  .  , 0 0  0  ,  . 0 0  0 ,  , 0 0  0  
o
 
o
 
G1173B 1  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  . 0 0  1 ,  , 0 0  0  . 6 3  
2  0  . 0 0  0  . 0 0  0  . 0 0  0  . 0 0  0  . 0 0  0  .  0 0  0  ,  . 0 0  0  . 0 0  0  .  0 0  0  . 3 7  
G1200A 1  1  . 0 0  1  . 0 0  1  . 0 0  1  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  0 ,  . 6 7  1  . 0 0  
2  0  . 0 0  0  . 0 0  0  . 0 0  0  .  0 0  0 ,  . 0 0  0 ,  . 0 0  0 ,  , 0 0  0  .  0 0  0  ,  . 3 3  0  . 0 0  
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Table 2. (continued) 
Group 1 1  1 2  1 3  1 4  1 5  1 6  1 7  1 8  1 9  2 0  
N  3  4  4  2  6 3  4  4  2 3  8  
A306A 1 0 ,  , 5 0  0  .  2 5  1 .  ,  0 0  0 ,  . 5 0  1 ,  .00 1 .  , 0 0  0 .  , 7 5  0 .  , 2 5  0  ,  4 4  1 .  , 0 0  
2  0 .  . 5 0  0 ,  . 7 5  0  .  0 0  0 .  , 5 0  0 .  . 0 0  0 ,  , 0 0  0 ,  , 2 5  0 ,  , 7 5  0  . 5 6  0  ,  . 0 0  
A308B 1  1 .  . 0 0  1 .  . 0 0  1 .  . 0 0  0 ,  , 5 0  1 ,  . 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 .  . 0 0  
2  0 ,  , 0 0  0 .  . 0 0  0 ,  ,  0 0  0 .  , 5 0  0 ,  . 0 0  0 .  , 0 0  0 .  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 .  , 0 0  
A308C 1  0 .  . 0 0  0  ,  0 0  0 .  . 1 3  0 .  , 0 0  0 .  . 0 0  0  .  1 7  0 .  . 0 0  0 .  , 0 0  0  . 0 0  0  ,  . 0 0  
2  1 ,  . 0 0  1 ,  , 0 0  0 ,  . 8 7  1 ,  , 0 0  1 .  . 0 0  0 .  . 8 3  1 ,  . 0 0  1  , 0 0  1  . 0 0  1 ,  . 0 0  
A313 A 1  1 .  . 0 0  1 ,  , 0 0  0  ,  2 5  1 .  , 0 0  1 ,  . 0 0  0 ,  , 0 0  1 .  , 0 0  1 ,  , 0 0  1  , 0 0  1 ,  . 0 0  
2  0 ,  . 0 0  0  .  0 0  0 .  ,  7 5  0 .  , 0 0  0 ,  , 0 0  1 ,  , 0 0  0 .  , 0 0  0 ,  ,  0 0  0 ,  , 0 0  0 ,  , 0 0  
A320A 1  0 ,  . 3 3  0 ,  , 2 5  0 .  . 2 5  0 .  . 0 0  0 ,  . 0 0  0 ,  . 0 0  0 .  . 2 5  0 ,  , 2 5  0  . 4 6  1 .  . 0 0  
2  0  .  67 0 ,  , 7 5  0  .  7 5  1 .  . 0 0  1 .  . 0 0  1 .  . 0 0  0 ,  . 7 5  0 ,  , 7 5  0  . 5 4  0  ,  . 0 0  
A320D 1  1 ,  . 0 0  1 ,  , 0 0  0 ,  . 7 5  1 .  . 0 0  1 ,  . 0 0  0 ,  , 3 3  1 ,  , 0 0  1 ,  , 0 0  1  ,  0 0  0 ,  . 0 0  
2  0 .  . 0 0  0 ,  , 0 0  0 ,  . 2 5  0 .  , 0 0  0 .  . 0 0  0 ,  , 6 7  0 .  , 0 0  0 ,  , 0 0  0 ,  , 0 0  1 ,  . 0 0  
A320E 1  1 ,  . 0 0  1 ,  , 0 0  1 .  . 0 0  1 .  . 0 0  1 ,  . 0 0  1 ,  , 0 0  1 ,  . 0 0  1 ,  , 0 0  1  . 0 0  0 .  . 0 0  
2  0  .  0 0  0  ,  0 0  0 ,  . 0 0  0 .  . 0 0  0 .  . 0 0  0 .  , 0 0  0 ,  . 0 0  0 ,  , 0 0  0  . 0 0  1 ,  . 0 0  
A325B 1  1 ,  . 0 0  1 .  ,  0 0  0 ,  . 3 8  1 .  . 0 0  1 ,  . 0 0  0  ,  , 1 7  1 ,  . 0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  . 0 0  
2  0 ,  , 0 0  0 ,  , 0 0  0 ,  . 6 2  0 .  . 0 0  0  ,  0 0  0 .  . 8 3  0 ,  . 0 0  0  , 0 0  0  . 0 0  0 .  . 0 0  
A326A 1  0 ,  . 0 0  0 ,  , 0 0  0 .  . 2 5  0 ,  . 0 0  0 ,  . 0 0  0 ,  . 3 3  0 ,  . 0 0  0  , 0 0  0  . 0 0  0 ,  . 0 0  
2  1 .  . 0 0  1 ,  , 0 0  0 .  . 7 5  1 ,  . 0 0  1 .  . 0 0  0 ,  . 6 7  1 .  . 0 0  1 ,  , 0 0  1  . 0 0  1 ,  . 0 0  
A327B 1  0 ,  . 6 7  1 .  . 0 0  0 ,  . 5 0  0  .  0 0  0 ,  . 0 0  1 ,  , 0 0  0 .  . 2 5  1 ,  , 0 0  1 ,  , 0 0  0  .  0 0  
2  0 ,  , 3 3  0 .  , 0 0  0 ,  . 5 0  1 .  . 0 0  1 ,  , 0 0  0 .  . 0 0  0 ,  . 7 5  0  . 0 0  0  . 0 0  1 .  . 0 0  
A329A 1  0  ,  . 5 0  0  ,  5 0  0 .  . 5 0  0 .  . 0 0  1 .  , 0 0  1 .  . 0 0  1 ,  . 0 0  1 ,  , 0 0  0  . 9 1  1 .  . 0 0  
2  0  .  , 5 0  0 ,  , 5 0  0  .  5 0  1 .  . 0 0  0 ,  . 0 0  0 ,  . 0 0  0 .  . 0 0  0  , 0 0  0  . 0 9  0 ,  . 0 0  
A329B 1  1 ,  , 0 0  1 ,  , 0 0  0 ,  . 7 5  1 .  . 0 0  1 ,  . 0 0  1 ,  , 0 0  1 .  . 0 0  1 ,  , 0 0  1  . 0 0  1 .  . 0 0  
2  0 ,  , 0 0  0 ,  , 0 0  0  ,  . 2 5  0 ,  . 0 0  0  ,  0 0  0 .  . 0 0  0  ,  0 0  0  . 0 0  0  . 0 0  0 .  , 0 0  
A3 3 OA 1  0  ,  3 3  0 ,  , 7 5  0 ,  . 0 0  0 ,  . 0 0  0 ,  , 1 7  0 .  . 0 0  0 ,  , 0 0  1  . 0 0  0  . 9 6  1 ,  , 0 0  
2  0 ,  , 6 7  0  ,  2 5  1 .  . 0 0  1 .  . 0 0  0 ,  , 8 3  1 .  . 0 0  1 .  , 0 0  0  , 0 0  0  . 0 4  0 .  , 0 0  
A3 3 OF 1  1 ,  . 0 0  1  . 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  . 0 0  1 ,  , 0 0  1  . 0 0  1  . 0 0  0  ,  0 0  
2  0 ,  , 0 0  0  . 0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  . 0 0  0 ,  , 0 0  0  . 0 0  0  . 0 0  1 ,  , 0 0  
A330G 1  1 ,  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  . 0 0  1 ,  , 0 0  1  . 0 0  1  . 0 0  0  ,  0 0  
2  0  ,  0 0  0 ,  , 0 0  0 ,  ,  0 0  0 .  . 0 0  0 ,  , 0 0  0  .  0 0  0 ,  , 0 0  0  . 0 0  0  . 0 0  0 .  , 7 5  
3  0  , 0 0  0  . 0 0  0 ,  , 0 0  0 .  , 0 0  0  . 0 0  0 ,  , 0 0  0  , 0 0  0  . 0 0  0  
O O 0 ,  , 2 5  
A331A 1  1 .  , 0 0  1  . 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1  . 0 0  1  . 0 0  0 ,  , 0 0  
2  0  ,  0 0  0  . 0 0  0 .  , 0 0  0  ,  0 0  0 ,  , 0 0  0 ,  , 0 0  0 .  , 0 0  0  . 0 0  0  . 0 0  1 ,  , 0 0  
A332A 1  0. . 0 0  0  . 7 5  0  ,  0 0  1 ,  , 0 0  0  ,  0 0  0 .  , 0 0  0  ,  2 5  1  . 0 0  0  . 9 5  0 ,  , 0 0  
2  1  . 0 0  0  . 2 5  1  , 0 0  0  , 0 0  1  . 0 0  1 ,  , 0 0  0  , 7 5  0  . 0 0  0  . 0 5  1 ,  , 0 0  
A1046A 1  0  . 0 0  0  . 5 0  0  . 0 0  0  , 0 0  0  . 1 7  0 ,  , 0 0  0  . 2 5  1  . 0 0  0  . 0 0  0 .  , 0 0  
2  1  . 0 0  0  . 5 0  1 ,  , 0 0  1 ,  , 0 0  0  . 8 3  1 ,  , 0 0  0  , 7 5  0  . 0 0  1  . 0 0  1 ,  , 0 0  
AllOOB 1 0  . 0 0  0  O O 0  . 0 0  0  . 0 0  0  . 0 0  0  . 0 0  0  . 0 0  0  
o
 
o
 0  . 0 0  0  . 7 5  
2  1 .  0 0  1  . 0 0  1  . 0 0  1  . 0 0  1 . 0 0  1  . 0 0  1 . 0 0  1  .  0 0  1  . 0 0  0  . 2 5  
All 02A 1  0  . 5 0  1  O O 0  . 7 5  1 . 0 0  1 . 0 0  0  . 3 3  1  . 0 0  1  . 0 0  0  . 9 5  1  . 0 0  
2  0  . 5 0  0  . 0 0  0  . 2 5  0  . 0 0  0  . 0 0  0 ,  . 6 7  0  . 0 0  0  . 0 0  0  . 0 5  0  . 0 0  
A1107C 1  1  . 0 0  1  . 0 0  1  
O O 1  . 0 0  1  . 0 0  1  .  0 0  1  
O O 1  . 0 0  1  
O O 0  . 0 0  
2  0  
O O 0  
O O 0  . 0 0  0  . 0 0  0  o 
o
 0  .  0 0  0  . 0 0  0  . 0 0  0  .  0 0  1  . 0 0  
A1108B 1  1  . 0 0  1  . 0 0  0  . 6 3  1  
o
 
o
 1  . 0 0  0  . 6 7  1  . 0 0  1  . 0 0  1  . 0 0  0  . 0 0  
2  0  . 0 0  0  
O O 0  . 3 7  0  . 0 0  0  o
 
o
 
0  . 3 3  0  . 0 0  0  . 0 0  0  
O O 0  . 0 0  
3  0  
O O 0  o 
o
 0  . 0 0  0  . 0 0  0  . 0 0  0  . 0 0  0  . 0 0  0  
o
 
o
 0  . 0 0  1  
o
 
o
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Table 2. (continued) 
Group 1  2  3  4  5  6  7  8  9  1 0  
N  6  5  3  2  2  2  2  5  4  4  
AlllSA 1  0  .  . 0 0  0 ,  . 0 0  0 .  ,  0 0  0 ,  ,  0 0  0 ,  , 0 0  0  .  0 0  0  .  , 0 0  0 ,  , 0 0  0 .  , 0 0  0  ,  . 7 5  
2  1 .  0 0  1 .  . 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 ,  . 0 0  1 .  , 0 0  1 .  , 0 0  1 .  , 0 0  0 ,  . 2 5  
Al124A 1  1 ,  , 0 0  0 .  , 7 5  0 .  . 5 0  0 .  , 0 0  0 ,  , 8 3  1 .  . 0 0  1 .  , 0 0  0  .  , 2 5  1 .  , 0 0  1 ,  , 0 0  
2  0  .  , 0 0  0 .  , 2 5  0  .  5 0  1 ,  , 0 0  0  ,  1 7  0  .  0 0  0 ,  , 0 0  0 ,  . 7 5  0 ,  , 0 0  0 .  . 0 0  
A11B3A 1  0 ,  , 6 7  1 .  , 0 0  0 ,  . 2 5  1 ,  , 0 0  1 .  , 0 0  0  ,  . 1 7  1 .  , 0 0  1 .  . 0 0  1 ,  , 0 0  1 ,  . 0 0  
2  0 .  3 3  0 .  , 0 0  0 ,  . 7 5  0 .  , 0 0  0 ,  , 0 0  0 .  . 8 3  0 .  , 0 0  0 ,  . 0 0  0 ,  , 0 0  0  ,  0 0  
A1159F 1  1 .  , 0 0  1 .  , 0 0  1 ,  . 0 0  1 ,  , 0 0  1 .  , 0 0  1 .  . 0 0  1 .  , 0 0  1 .  . 0 0  1 .  , 0 0  0  .  0 0  
2  0 .  , 0 0  0 .  , 0 0  0 ,  . 0 0  0  .  , 0 0  0 ,  . 0 0  0 .  . 0 0  0  .  , 0 0  0 ,  . 0 0  0 ,  , 0 0  1 ,  . 0 0  
A1159G 1  0 .  , 0 0  0 .  , 0 0  0 ,  . 2 5  0 .  . 0 0  0 ,  . 0 0  0 .  . 6 7  0 ,  , 0 0  0 .  . 0 0  0 ,  , 0 0  0  ,  . 0 0  
2  1 .  0 0  1 .  , 0 0  0 .  . 7 5  1 ,  . 0 0  1 .  . 0 0  0 ,  . 3 3  1 ,  , 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  . 0 0  
Al172A 1  0 .  , 0 0  0  .  , 0 0  0 ,  . 0 0  0  .  0 0  0 ,  . 0 0  0 .  . 0 0  0 .  , 0 0  0 .  . 0 0  0 ,  , 0 0  0  . 7 9  
2  0  .  , 0 0  0 ,  , 0 0  0  .  0 0  0  ,  . 0 0  0  .  0 0  0  ,  . 0 0  0 ,  , 0 0  0 .  . 0 0  0  .  0 0  0  ,  . 2 1  
3  1 ,  , 0 0  1 .  , 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1 .  . 0 0  1 ,  , 0 0  1 ,  . 0 0  1 ,  . 0 0  0  ,  0 0  
A1172B 1  1 .  , 0 0  1 .  , 0 0  1 .  . 0 0  1 ,  . 0 0  1 .  . 0 0  1 ,  . 0 0  1 .  , 0 0  1 .  , 0 0  1 .  . 0 0  0 ,  , 6 2  
2  0 ,  , 0 0  0 ,  , 0 0  0 ,  . 0 0  0 .  . 0 0  0 ,  . 0 0  0 .  . 0 0  0 .  , 0 0  0 ,  . 0 0  0 ,  . 0 0  0  . 3 8  
A1172C 1  1 ,  , 0 0  1 .  , 0 0  0  .  5 0  1 ,  . 0 0  1 .  . 0 0  0 .  . 6 7  1 ,  , 0 0  1 ,  . 0 0  1 .  . 0 0  0 ,  . 6 2  
2  0 .  , 0 0  0  .  , 0 0  0 ,  . 5 0  0 .  . 0 0  0 ,  .  0 0  0 .  . 3 3  0  ,  0 0  0 .  .  0 0  0 ,  . 0 0  0  ,  3 8  
A1174B 1  1 .  , 0 0  1 .  , 0 0  1 .  . 0 0  1 .  . 0 0  0 .  . 8 3  1 .  . 0 0  1 .  , 0 0  1 .  . 0 0  1 ,  . 0 0  0 ,  . 0 0  
2  0 .  , 0 0  0 ,  . 0 0  0 ,  . 0 0  0 .  . 0 0  0 ,  . 0 0  0 .  . 0 0  0 .  , 0 0  0 .  . 0 0  0 ,  . 0 0  1 ,  . 0 0  
3  0 .  , 0 0  0 ,  , 0 0  0 ,  . 0 0  0 ,  . 0 0  0 ,  . 1 7  0 .  . 0 0  0 ,  , 0 0  0 ,  . 0 0  0 .  . 0 0  0 ,  .  0 0  
A1179A 1  1 ,  , 0 0  1 .  , 0 0  0 ,  . 5 0  1 ,  . 0 0  1 ,  . 0 0  1 .  . 0 0  1 ,  , 0 0  0  ,  . 5 0  1 ,  . 0 0  1 ,  . 0 0  
2  0 .  , 0 0  0 ,  , 0 0  0 ,  . 5 0  0 .  . 0 0  0 ,  . 0 0  0 ,  , 0 0  0  ,  0 0  0 ,  . 5 0  0 .  . 0 0  0  . 0 0  
A1189A 1  0 .  , 0 0  0 ,  , 0 0  0 ,  . 5 0  0 .  . 0 0  0 .  . 0 0  0 ,  , 0 0  0 .  , 0 0  0 .  . 0 0  0 ,  . 0 0  0 ,  . 0 0  
2  1 ,  , 0 0  1 .  , 0 0  0  ,  . 5 0  1 ,  . 0 0  0 .  . 8 3  1 ,  , 0 0  1 .  , 0 0  1 .  . 0 0  1 ,  . 0 0  1 ,  . 0 0  
3  0  .  , 0 0  0  .  , 0 0  0 ,  . 0 0  0  ,  . 0 0  0 ,  . 1 7  0 .  , 0 0  0 .  , 0 0  0 ,  . 0 0  0  .  0 0  0 ,  .  0 0  
Alia9B 1  0  ,  . 0 0  0 ,  . 0 0  0 .  . 0 0  0 ,  . 0 0  0 ,  , 0 0  0 ,  , 0 0  0  ,  0 0  0 ,  , 0 0  0 ,  , 0 0  0  . 8 3  
2  1 .  , 0 0  1 ,  , 0 0  1 ,  . 0 0  1 .  . 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 ,  , 0 0  0  . 1 7  
A1197A 1  1 ,  . 0 0  1 ,  , 0 0  1 ,  . 0 0  1 .  . 0 0  1 .  , 0 0  1 ,  ,  0 0  1 .  , 0 0  1 .  , 0 0  1 .  , 0 0  1  . 0 0  
2  0  .  . 0 0  0 .  , 0 0  0 .  . 0 0  0 .  . 0 0  0 ,  , 0 0  0 .  , 0 0  0 ,  , 0 0  0  .  , 0 0  0 .  , 0 0  0  .  0 0  
A1536A 1  0  .  3 3  1 ,  . 0 0  0  .  , 2 5  1 ,  , 0 0  1 ,  , 0 0  0 ,  , 3 3  1 ,  , 0 0  1 ,  , 0 0  1 ,  . 0 0  1  . 0 0  
2  0 ,  . 6 7  0  ,  0 0  0 ,  , 7 5  0 .  , 0 0  0 .  , 0 0  0  ,  6 7  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0  . 0 0  
Al 5363 1  1 .  . 0 0  1 ,  , 0 0  1 ,  , 0 0  1 .  , 0 0  0 .  , 8 3  1 ,  ,  0 0  1 ,  , 0 0  1 .  , 0 0  1 .  , 0 0  0  . 0 0  
2  0 ,  . 0 0  0 ,  , 0 0  0 .  , 0 0  0 ,  , 0 0  0 .  , 1 7  0 ,  , 0 0  0 .  , 0 0  0 ,  , 0 0  0 .  , 0 0  1  . 0 0  
A1S91B 1  1 .  . 0 0  1 .  . 0 0  1 .  . 0 0  1 ,  . 0 0  1 ,  , 0 0  1 ,  . 0 0  1 ,  . 0 0  1 ,  , 0 0  1 ,  , 0 0  0  . 1 4  
2  0  .  0 0  0 ,  . 0 0  0 ,  , 0 0  0  ,  . 0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0  ,  0 0  0 ,  , 0 0  0  . 8 6  
G509A 1  1 ,  . 0 0  1 ,  . 0 0  0 ,  , 7 5  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  . 0 0  1 ,  , 0 0  1 ,  , 0 0  1  . 0 0  
2  0  .  0 0  0 ,  . 0 0  0 ,  , 2 5  0  ,  ,  0 0  0  ,  0 0  0 ,  , 0 0  0  ,  0 0  0 ,  , 0 0  0 ,  , 0 0  0  . 0 0  
G510A 1  1 ,  , 0 0  1  . 0 0  1  . 0 0  1 ,  . 0 0  1  . 0 0  1  . 0 0  1  . 0 0  1 ,  . 0 0  1 .  . 0 0  0  . 0 0  
2  0 ,  . 0 0  0  . 0 0  0  . 0 0  0 ,  . 0 0  0  . 0 0  0  , 0 0  0  . 0 0  0  ,  . 0 0  0 .  . 0 0  1  
O
 
O
 
G510D 1  1 ,  . 0 0  1  . 0 0  1  . 0 0  1 ,  . 0 0  1 ,  , 0 0  1  . 0 0  1  . 0 0  1 ,  . 0 0  1 ,  . 0 0  1  . 0 0  
2  0 ,  , 0 0  0  . 0 0  0  . 0 0  0 ,  . 0 0  0 .  . 0 0  0 ,  . 0 0  0 .  . 0 0  0  ,  . 0 0  0 .  . 0 0  0  . 0 0  
G512A 1  0  . 6 7  0  . 2 5  0  . 2 5  0  . 0 0  0  . 1 7  0  . 0 0  0  . 2 5  0  . 7 5  0  . 0 0  0  
o
 
O
 
2  0  . 3 3  0  . 7 5  0  . 7 5  1  . 0 0  0  . 8 3  1  . 0 0  0  . 7 5  0  . 2 5  1  . 0 0  1  . 0 0  
G521B 1  0 ,  . 5 0  1  .  0 0  1  . 0 0  1  . 0 0  0  . 0 0  1  . 0 0  0  . 2 5  1  .  0 0  0  . 9 1  0  . 0 0  
2  0 ,  . 5 0  0  . 0 0  0  . 0 0  0  . 0 0  1  , 0 0  0  . 0 0  0  . 7 5  0  . 0 0  0  . 0 9  1  
o
 
O
 
G521C 1  1  . 0 0  1  o 
o
 1  . 0 0  1  . 0 0  1  
o
 
o
 1  . 0 0  1  . 0 0  1  . 0 0  1  o
 
o
 
1  . 0 0  
2  0  . 0 0  0  . 0 0  0  
O
 
O
 0  
o
 
o
 0  . 0 0  0  
o
 
o
 0  . 0 0  0  . 0 0  0  . 0 0  0  . 0 0  
67 
Table 2. (continued) 
Group 1  2  3  4  5  6  7  8  9  1 0  
N  6  5  3  2  2  2  2  '  5  4  4  
G523A 1  0 ,  . 0 0  0 .  , 5 0  0  ,  0 0  0 ,  , 0 0  0 .  . 0 0  0 ,  , 0 0  0 ,  , 2 5  0  ,  1 3  0  ,  0 0  0  .  0 0  
2  0  ,  . 6 7  0  ,  5 0  0 ,  , 7 5  0 ,  , 5 0  0 ,  , 8 3  1 .  , 0 0  0 .  , 7 5  0 ,  , 8 7  0 ,  , 9 6  1  . 0 0  
3  0 ,  , 3 3  0 ,  , 0 0  0 ,  , 2 5  0 ,  , 5 0  0  ,  1 7  0 ,  , 0 0  0 ,  , 0 0  0  ,  0 0  0 .  , 0 4  0  
o
 
o
 
G523B 1  1 ,  , 0 0  1 ,  . 0 0  0 ,  , 6 3  1 ,  , 0 0  1  . 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 .  , 0 0  1  . 0 0  
2  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 3 7  0 ,  , 0 0  0 .  . 0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0  o
 
o
 
G524A 1  0  ,  3 3  1 ,  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 ,  . 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  , 0 0  0 ,  , 0 4  1  . 0 0  
2  0  ,  6 7  0  ,  0 0  0 ,  , 0 0  0 .  , 0 0  0 ,  . 0 0  0 .  . 0 0  0 .  , 0 0  0 ,  , 0 0  0 .  , 9 6  0  . 0 0  
G530A 1  0 ,  , 0 0  0 ,  , 0 0  0 ,  , 0 0  0 .  . 0 0  0  ,  1 7  0 ,  . 0 0  0  .  , 0 0  0 .  ,  0 0  0 ,  , 8 7  0  . 0 0  
2  1 .  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 ,  , 0 0  0  . 8 3  1 ,  . 0 0  1 ,  , 0 0  1 ,  , 0 0  0  ,  1 3  1  . 0 0  
GlOOSA 1  0 ,  , 1 7  0 ,  , 5 0  0 ,  , 2 5  0 ,  . 0 0  0 .  , 1 7  0 ,  . 0 0  0 .  , 0 0  0  ,  6 7  1 ,  , 0 0  0  . 0 0  
2  0 ,  , 8 3  0 ,  , 5 0  0  ,  7 5  1 .  . 0 0  0  ,  8 3  1 .  . 0 0  1 .  , 0 0  0  ,  3 3  0 ,  , 0 0  1  . 0 0  
G1005C 1  0 ,  , 0 0  0  ,  5 0  0 .  ,  0 0  0  .  0 0  0 ,  , 0 0  0  .  0 0  0  ,  0 0  0 .  ,  0 0  0 .  , 0 4  0  . 0 0  
2  1 .  , 0 0  0 .  , 5 0  1 .  . 0 0  1 ,  . 0 0  1 ,  , 0 0  1 .  . 0 0  1 .  , 0 0  1 .  , 0 0  0 ,  , 9 6  1  . 0 0  
G1005E 1  0  ,  0 0  0 ,  , 0 0  0 ,  , 2 5  0  ,  . 0 0  0 .  , 0 0  0 ,  . 0 0  0 ,  , 0 0  0 ,  , 0 0  0  ,  0 0  0  o 
o
 
2  1 ,  , 0 0  1 ,  , 0 0  0  ,  7 5  1 .  . 0 0  1 ,  , 0 0  1 .  . 0 0  1 .  , 0 0  1 ,  , 0 0  1 .  , 0 0  1  . 0 0  
G1014A 1  0 .  , 3 3  0  ,  0 0  0 .  , 2 5  0 ,  . 5 0  0  ,  0 0  0  .  0 0  0 ,  , 0 0  0 ,  , 2 5  0 .  ,  0 4  0  . 0 0  
2  0 .  , 6 7  1 ,  , 0 0  0 .  . 7 5  0  .  5 0  1 .  , 0 0  1 ,  . 0 0  1 .  . 0 0  0 .  , 7 5  0 ,  , 9 6  1  . 0 0  
G1059B 1  0  .  3 3  0 .  , 6 3  0 ,  . 0 0  0 ,  ,  0 0  0 ,  , 9 2  0 ,  . 0 0  1 ,  . 0 0  0 .  , 2 5  0 .  , 0 0  0  . 0 0  
2  0 ,  , 6 7  0  ,  3 7  1 ,  , 0 0  1 .  . 0 0  0 ,  , 0 8  1 .  . 0 0  0 .  . 0 0  0  ,  7 5  1 ,  , 0 0  1  . 0 0  
G1071B 1  1 ,  , 0 0  1 ,  , 0 0  1 ,  . 0 0  1 .  . 0 0  1 ,  , 0 0  1 .  . 0 0  1 .  . 0 0  1 ,  , 0 0  1 .  , 0 0  0  . 2 5  
2  0 ,  , 0 0  0 .  ,  0 0  0 .  , 0 0  0 ,  . 0 0  0  ,  0 0  0 ,  . 0 0  0 ,  . 0 0  0 .  ,  0 0  0  .  , 0 0  0  . 7 5  
G1082A 1  1 .  , 0 0  1 .  , 0 0  0 ,  . 0 0  1 ,  . 0 0  1 ,  , 0 0  0 .  . 0 0  1 ,  . 0 0  1 .  , 0 0  1 ,  , 0 0  1  . 0 0  
2  0 ,  . 0 0  0 ,  , 0 0  1 ,  . 0 0  0 ,  ,  0 0  0 .  , 0 0  1 ,  ,  0 0  0 .  , 0 0  0  .  , 0 0  0 ,  , 0 0  0  . 0 0  
G1088A 1  1 .  , 0 0  0 .  , 6 3  1 ,  . 0 0  1 .  . 0 0  0 .  , 3 3  1 .  . 0 0  0 ,  . 7 5  0  ,  6 3  0 .  , 4 1  0  
o
 
o
 
2  0  ,  . 0 0  0 ,  , 3 7  0 .  . 0 0  0 ,  . 0 0  0  ,  6 7  0 .  . 0 0  0  .  2 5  0 ,  , 3 7  0 ,  , 5 9  1  . 0 0  
G1124A 1  0 .  . 0 0  0 ,  , 0 0  0  .  0 0  0  .  0 0  0 ,  , 0 0  0 .  . 0 0  0 ,  . 0 0  0  .  , 5 0  0 .  , 0 0  0  . 0 0  
2  1 .  . 0 0  1 .  . 0 0  1 .  . 0 0  1 ,  . 0 0  1 ,  , 0 0  1 ,  . 0 0  1 ,  . 0 0  0  ,  5 0  1 ,  , 0 0  0  . 7 5  
3  0 .  . 0 0  0 ,  . 0 0  0  ,  . 0 0  0 ,  , 0 0  0 .  , 0 0  0 ,  ,  0 0  0 .  , 0 0  0  .  , 0 0  0 ,  , 0 0  0  . 2 5  
G1124B 1  1 ,  . 0 0  1 ,  . 0 0  1 .  , 0 0  1 ,  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  , 0 0  1 ,  , 0 0  0  . 8 7  
2  0  ,  . 0 0  0 ,  , 0 0  0 ,  . 0 0  0 .  , 0 0  0  ,  0 0  0 .  . 0 0  0  .  0 0  0 ,  ,  0 0  0  .  , 0 0  0  . 1 3  
G1132A 1  0 ,  . 0 0  0  ,  0 0  0 .  . 0 0  0 ,  , 0 0  0 ,  , 5 0  0 .  . 3 3  0 ,  . 0 0  0  .  , 0 0  0  .  , 0 0  0  . 0 0  
2  1 ,  . 0 0  1 ,  , 0 0  1 .  . 0 0  1 .  , 0 0  0 ,  , 5 0  0 .  . 6 7  1 ,  . 0 0  1 .  , 0 0  1 ,  , 0 0  1  . 0 0  
G1132B 1  1 .  . 0 0  1 ,  , 0 0  0 .  . 6 3  1 .  , 0 0  1 ,  , 0 0  1 .  , 0 0  1 .  , 0 0  1 ,  , 0 0  0  ,  9 6  1  . 0 0  
2  0 ,  . 0 0  0 ,  , 0 0  0 .  . 3 7  0 ,  . 0 0  0 ,  , 0 0  0 ,  ,  0 0  0 ,  , 0 0  0  .  , 0 0  0 .  , 0 0  0  . 0 0  
3  0 ,  , 0 0  0 ,  , 0 0  0 ,  . 0 0  0 .  . 0 0  0 ,  , 0 0  0 ,  . 0 0  0 .  , 0 0  0 ,  , 0 0  0 .  , 0 4  0  . 0 0  
G1134A 1  0  ,  0 0  0 ,  , 0 0  0 ,  . 0 0  0 .  . 0 0  0  ,  0 0  0 .  . 0 0  0 ,  , 0 0  0  .  , 0 0  0 .  , 0 0  0  . 7 5  
2  1 ,  , 0 0  1 ,  , 0 0  1 .  . 0 0  1 ,  . 0 0  1 ,  , 0 0  1 .  . 0 0  1 ,  , 0 0  1 .  ,  0 0  1 ,  , 0 0  0  . 2 5  
G1134C 1  1 .  , 0 0  1 ,  , 0 0  0 .  . 0 0  1 .  . 0 0  1 ,  , 0 0  0 .  . 3 3  1 .  , 0 0  1 ,  , 0 0  1 .  , 0 0  1  .  0 0  
2  0 ,  , 0 0  0  ,  0 0  1 .  . 0 0  0  .  0 0  0 ,  , 0 0  0 .  . 6 7  0  ,  0 0  0  .  , 0 0  0 ,  , 0 0  0  . 0 0  
G1173B 1  0 ,  , 6 7  1  , 0 0  1  , 0 0  1 ,  , 0 0  1  . 0 0  1 ,  , 0 0  0 ,  , 7 5  1 ,  , 0 0  1 ,  , 0 0  1  O 
O
 
2  0 .  , 3 3  0 .  , 0 0  0 ,  , 0 0  0  ,  0 0  0  .  0 0  0 ,  , 0 0  0  ,  2 5  0  ,  0 0  0  ,  0 0  0  . 0 0  
G1200A 1  1 ,  , 0 0  0  , 5 0  0  ,   8 7  1 ,  , 0 0  1 .  . 0 0  1 .  , 0 0  1 ,  , 0 0  0  ,  7 5  1 ,  , 0 0  1  . 0 0  
2  0  ,  0 0  0 ,  . 5 0  0 ,  , 1 3  0 ,  , 0 0  0 .  . 0 0  0 ,  ,  0 0  0 ,  , 0 0  0  ,  2 5  0 ,  , 0 0  0  . 0 0  
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Genetic interpretation of RFLP restriction fragment profiles is 
based on direct segregation analysis in many cases (Reinisch et al., 
in press) and is inferred for other loci. The assumption that 
'single-copy' and 'low-copy probes' are homologous to one or more 
discrete genomic regions per haploid genome (loci) leads to the 
expectation that the number of loci detected per probe should reflect 
ploidy level. Gossypium hirsutum is a 1-2 million-year-old 
allotetraploid derived from two paleopolyploid, diploidized genomes 
(Fryxell, 1979; Wendel, 1989). In tetraploid G. hirsutum, therefore, 
the majority of probes should detect two loci and a smaller percentage 
should detect three or four loci, representing homologous genomic 
regions duplicated in the diploid progenitors. Although individual 
clones hybridized to alleles from as many as eight loci, 91.5% of the 
probes fit expectations: 69% detected two loci, 15% detected four 
loci, and 7.5% detected three loci (Table 3). 
Table 3. Number of loci detected by each probe 
Probe Source 
Loci G. herbaceum G. raimondii Combined (%) 
detected var. africanum 
per clone 
1 3 0 3 (3.75)% 
2 30 25 55 (68.75%) 
3 4 2 6 (7.50%) 
4 8 4 12 (15.00%) 
5 1 1 2 (2.50%) 
6 0 0 0 (-) 
7 1 0 1 (1.25%) 
8 1 0 1 (1.25%) 
Totals® 48 32 80 
^Totals refer to the number of probes used, not the number 
of loci revealed. 
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Of the 205 loci screened, 46 are polymorphic in G. hirsutum 
(P=22.4%), excluding putative introgressed alleles (discussed below). 
These 46 polymorphic loci encode 95 alleles. Including monomorphic 
loci, the mean number of alleles per locus, A, is 1.24. Mean 
panmictic heterozygosity (H^; Nei, 1987) is estimated to be 0.048 
{H-j=0.212 if only polymorphic loci are included). Of these 46 loci, 
28 (61%) are moderately to strongly polymorphic with Hji values above 
0.110 (Table 4). Twelve loci are polymorphic in G. barbadense. Other 
diversity estimates for G. barbadense are not reported here because 
only eight accessions were screened. 
Only 14 loci are polymorphic (P=7%) among the Upland accessions 
with correspondingly lower estimates for Hy and A of 0.014 and 1.07, 
respectively. These estimates are even lower than those obtained 
using allozymes (Wendel, Brubaker, and Percival, 1992) and highlight 
the severe genetic bottleneck that accompanied the development of the 
modern highly improved Upland cultivars (Wendel, Brubaker, and 
Percival, 1992). Only six of the 23 cultivars have unique multilocus 
genotypes relative to the other Upland cultivars. Two cultivars (Dunn 
325 and Acala SJ-2) had alleles at two loci and four cultivars (TM-1, 
Cascot 4, GSC 27, and Coker 139) had alleles at one locus that were 
otherwise undetected in other cultivars. With the exception of allele 
G1132B-2 detected in Coker 139, these cultivar-specific alleles are 
also found in the commensal and feral accessions studied. Examination 
of alleles at the 14 loci polymorphic in the cultivars reveals no 
evident correlation with the four geographic 'types' of Upland 
cultivars (Niles and Feaster, 1984; Meredith, 1991). 
A principal component analysis based on a variance-covariance 
matrix derived from the allelic frequencies at 64 RFLP loci summarizes 
and graphically depicts genetic relationships among all 88 G. hirsutum 
accessions and the eight G. barbadense accessions (Fig. 2). The first 
two principal components account for 25% and 15% of the variance, 
respectively. Figure 2A and 2B are identical except that the G. 
hirsutum accessions are designated by country of origin in Fig. 2A and 
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Table 4. Genetic differentiation among 19 
groups of G. hirsutum accessions 
at 46 polymorphic loci 
Hrp Dq-J, Ggr P 
A306A 0 .456 0 .129 0 .283 0, .00 
A308B 0 .051 0, .018 0 .353 0, .00 
A308C 0 .030 0 .000 0 .000 0 .16 
A313 A 0 .167 0 .145 0 .868 0, .00 
A3 2 OA 0, .293 0 .029 0, .099 0, ,03 
A325B 0, .142 0, 097 0, .683 0, ,00 
A326A 0, ,060 0, .010 0. ,167 0. ,00 
A327B 0, .454 0, .234 0, .515 0. 00 
A329A 0, .422 0, 150 0, .355 0, ,00 
A329B 0, .026 0, 004 0, 154 0, ,00 
A3 3 OA 0, ,499 0, 282 0, ,565 0. ,00 
A332A 0. ,458 0, ,298 0 , 651 0. ,00 
A1046A 0. ,483 0. ,280 0, ,580 0. ,00 
All 02A 0, ,307 0, ,073 0, ,238 0, ,00 
A1103B 0 , , 072 0, ,017 0 , 236 0. ,00 
A1124A 0, ,326 0. ,137 0. ,420 0. ,00 
All 53A 0. ,181 0. ,115 0. ,635 0. ,00 
A1159G 0. ,092 0. ,042 0. 457 0. 00 
A1172C 0, ,084 0, ,027 0. ,321 0. ,00 
A1174B 0. ,017 0. ,002 0. ,118 0. ,11 
All?9A 0, ,163 0. , 041 0 . ,252 0. ,00 
A1189A 0 . ,068 0. 023 0. 338 0. 00 
^ Polymorphic loci only. 
^ Includes monomorphic loci. 
Mean Ggj. = mean Dg^/mean 
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Table 4. (continued) 
A1197A 0  . 0 5 1  0  . 0 1 8  0  . 3 5 3  0  .  0 0  
A1536A 0  . 1 9 5  0  . 1 1 8  0  . 6 0 5  0 ,  .  0 0  
G509A 0  . 0 2 6  0  . 0 0 4  0  . 1 5 4  0 ,  . 0 0  
G510D 0  .  0 7 6  0  .  0 2 1  0  . 2 7 6  0 ,  . 0 0  
G512A 0  . 3 7 1  0  . 1 2 6  0  . 3 4 0  0 ,  . 0 0  
G521B 0  . 4 7 6  0  . 2 3 8  0  . 5 0 0  0 ,  . 0 0  
G521C 0  . 0 7 6  0  . 0 2 1  0  . 2 7 6  0 ,  . 0 0  
G523A 0  . 2 9 9  0  . 0 5 2  0  . 1 7 4  0 ,  , 0 0  
G523B 0  . 0 3 9  0  . 0 1 1  0  . 2 8 2  0 ,  . 0 0  
G524A 0  . 2 9 5  0  . 1 4 6  0  . 4 9 5  0 ,  . 0 0  
G530A 0  . 2 4 3  0  . 0 8 9  0  . 3 6 6  0 ,  . 0 0  
G1005A 0  . 4 8 0  0  . 1 9 1  0  . 3 9 8  0 ,  . 0 0  
G1005C 0  . 1 2 7  0  . 0 3 8  0  . 2 9 9  0 .  , 0 0  
G1005E 0  . 0 2 6  0  . 0 0 4  0  . 1 5 4  0 .  ,  0 0  
G1014A 0  . 2 8 1  0  . 0 6 6  0  . 2 3 5  0 ,  , 0 0  
G1059B 0  . 4 5 2  0  . 2 4 6  0  . 5 4 4  0 .  , 0 0  
G1082A 0  . 1 8 8  0  . 1 8 8  1  . 0 0 0  0 .  , 0 0  
G1088A 0  . 4 3 3  0  . 1 6 0  0  . 3 7 0  0 .  0 0  
G1124A 0  . 3 1 1  0  . 2 0 0  0  . 6 4 3  0 .  0 0  
G1132A 0  .  0 8 4  0  . 0 2 8  0  . 3 3 3  0 .  ,  0 0  
G1132B 0  . 0 4 3  0  . 0 1 1  0  . 2 5 6  0 .  ,  0 0  
G1134C 0  . 1 6 0  0  . 1 3 3  0  . 8 3 1  0 .  0 0  
G1173B 0  . 0 9 6  0  . 0 1 9  0  . 1 9 8  0 .  0 0  
G1200A 0  . 1 1 9  0  . 0 2 7  0  . 2 2 7  0 .  0 0  
Mean 0 .  213% 0 .  094% 0 .  4 3 9 C  
Mean 0.048% 0.021% 0 . 4 3 8 ^  
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Fig. 2. Principal component analysis of Gossypium hirsutum and G. 
barbadense accessions based on a variance-covariance matrix 
derived from individual accession genetypes at 64 polymorphic 
RFLP loci. The first two axes account for 25% and 15% of the 
total variance, respectively. Redundant accessions, i.e., 
accessions with identical provenences or racial 
classifications which graph to identical locations, are not 
shown. Gossypium barbadense accessions are labelled as such 
and are indicated by solid squares; G. hirsutum accessions 
are indicated as follows: A. by geographical provenence 
(B=Belize; E=El Salvador; G=Guatemala; H=Honduras; M=Mexico; 
N=Nicaragua; U=modern improved Upland cultivars). B. by 
racial classification {A='palmeri'; L='latifolium'; M='marie 
galante'; 0='morrilli'; P='punctatum'; R='richmondi'; 
U=modern improved Upland cultivars; Y='yucatanense'; 
'star'=not classified) 
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by racial classification in 2B. These analyses reveal several 
features of the data. First, the two figures illustrate the clear 
genetic discrimination between G. hirsutum and G. barhadense 
accessions. Second, Upland accessions form a unified cluster in the 
lower left portion of Figs. 2A and 2B. Third, accessions from similar 
geographic regions fail to cluster together; for example, accessions 
from Mexico and Guatemala are interspersed with one another throughout 
the left portion of the plot (Fig. 2A). Fourth, within the larger 
cluster of G. hirsutum accessions, there is a cluster of 'latifolium' 
and 'palmeri' accessions, from diverse locations, that is associated 
with the cluster of Upland accessions (Fig. 2B). 
This last observation provided the justification for separating 
the G. hirsutum 'latifolium' and G. hirsutum 'palmeri' accessions from 
the remainder of G. hirsutum and subdividing accessions in each of 
these categories into a total of 18 geographic groups. The single 
exception to this strategy was the Zacapa accessions. This large 
group of accessions was subdivided into 'punctatum' and non-
'punctatum' contingents. The initial principal component analysis of 
individual accessions (data not shown) supports this subdivision. 
Upland cultivars and G. barbadense accessions represent the 19th and 
20th groups, respectively. 
Genetic identities quantify the relationships among accessions 
evident in the principal component analysis (summarized in Table 5). 
The G. hirsutum 'latifolium' accessions have a higher average genetic 
identity among themselves (0.968) than do the other G. hirsutum 
accessions (0.950). Upland cultivars are more similar to the G. 
hirsutum 'latifolium' and 'palmeri' accessions, with average 
identities of 0.967 and 0.961, respectively, than they are to the 
remaining G. hirsutum accessions (0.951). 
Contingency chi-square analysis of the pooled allele frequencies 
for the 19 G. hirsutum accession groups indicates that allele 
frequencies (Table 2) are distributed non-homogeneously for all but 
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Table 5. Averaged genetic identities (Rogers, 1972) among 
groups of G. hirsutum accessions 
12 3 4 
1 G. hirsutum 
'latifolium' (1-7) (0. 
0.968 
950-0.984) 
2 G. hirsutum 'other' 
(10-18) (0, 
0.954 
914-0.974) (0. 
0.950 
921-0.981) 
3 Upland cultivars 
(19) (0, 
0.967 
956-0.985) (0, 
0.951 
.916-0.966) 
4 G. hirsutum 
'palmeri' (8,9) (0. 
0.966 
957-0.972) (0, 
0.955 
.919-0.977) 
0.961 
(0.958-0.964) 
0.974 
(0.974-0.974) 
two weakly polymorphic loci {A308C and B174B). Averaged across all 
loci polymorphic in G. hirsutum, 44% of the total variation (#%,) 
occurs among rather than within accession groups. 
A second principal component analysis (Fig. 3), based on the 
pooled allele frequencies of the groups of accessions (grouped as 
described above), provides additional resolution of relationships 
(this analysis does not include putatively introgressant loci). 
Plotted along the first three principal components, accounting for 
25%, 21%, and 13% of the total variance, respectively, the accessions 
fall into three primary classes: (1) G. barbadense (lower right, Fig. 
3), (2) southern Mesoamerican (Honduras/Nicaragua and Santa Rosa/El 
Salvador) G. hirsutum accessions (upper right. Fig. 3), and (3) 
northern Mesoamerican (Mexico and Guatemala) G. hirsutum accessions 
and the Upland cultivars (upper left to middle. Fig. 3). These first 
three principal components clearly discriminate between G. barbadense 
and G. hirsutum accessions with the exception of the 
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Fig. 3. Principal component analysis based on a variance-covariance 
matrix derived from pooled allele frequencies at 55 
polymorphic RFLP loci among 19 groups of G hirsutum 
accessions and G. barbadense. The first three axes account 
for 25%, 21%, and 13% of the variance, 
respectively.components. The bulk of the Mexican and 
Guatemalan G. hirsutum accessions lie along a continuum 
defined by the first and third principal components 
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Honduras/Nicaragua and Santa Rosa/El Salvador G. hirsutum accessions, 
which ordinate near G. barbadense along the first and third principal 
components. The bulk of the Mexican and Guatemalan G. hirsutum 
accessions lie along a continuum defined by the first and third 
principal components. 
Examination of the G. hirsutum continuum, which encompasses all 
but the southern Mesoamerican accessions, reveals geographical and 
racial associations that are less evident in the principal component 
analysis of individual accessions (Fig. 3). With the exception of the 
El Salvador and Yucatan/Baja Verapaz G. hirsutum 'latifoliums' 
(accession groups 7 and 5), the G. hirsutum 'latifolium' accessions 
cluster together near the upper end of the continuum rather than with 
other accessions collected from the same geographical region (e.g., 
Chiapas, Jutiapa, and Santa Rosa). The Yucatan/Baja Verapaz 
(accession group 5) and Puebla/Oaxaca (accession group 6) 'latifolium' 
accessions represent the only 'latifolium' accessions that ordinate 
near geographically adjacent accessions. The Upland cultivars are 
embedded in the large group of 'latifolium' accessions at the upper 
end of the continuum, and are most closely associated with 
'latifolium' accessions from Santa Rosa (accession group 4) and 
Chiapas/Huehuetenango (accession group 1). Although the two groups of 
G. hirsutum 'palmeri' (accession groups 8 and 9) accessions are 
genetically distinct, both are clearly associated with G. hirsutum 
'latifolium' accessions from Guatemala and El Salvador. This 
observation was unexpected because G. hirsutum 'palmeri' has an 
indigenous range restricted to the Mexican states of Oaxaca and 
Guerrero (Hutchinson, 1951). At the lower end of the continuum is a 
group of Yucatan peninsular accessions that can be described as either 
wild or agronomically primitive, that is, accessions whose morphology 
(e.g., lint characteristics, day-length sensitivity, height, yield) 
reflects little if any human manipulation. This group includes 
Yucatan/Baja Verapaz 'latifolium' accessions, which are agronomically 
the least developed of the annualized forms, as evidenced by their low 
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lint percentages, day-length response, seed size, and boll size 
(Percival, 1987). 
Although phylogenetic analysis is not often conducted for groups 
of accessions that probably have reticulated to some extent, it was 
thought that sufficient phylogenetic information might be retained in 
the allelic data to justify the construction of distance Wagner trees. 
This approach reduces the allelic variation among accessions to a 
matrix of distance coefficients for each pairwise comparison of 
accession groups; this matrix is used to infer a phylogeny with no 
assumption of equality of evolutionary rates (Farris, 1972; Swofford, 
1981). 
Optimized distance Wagner topologies, generated using six 
distance measures, are congruent in most details, although topological 
instability was evident for some branch points (Figs. 4A and 4B). 
Figure 4A was based Rogers' (1972) genetic distances; it is 
topologically identical to the tree produced using the Prevosti 
coefficient (both had cophenetic correlations of 0.980). Figure 4B 
was derived using Wright's (1978) modification of Rogers' distance 
coefficient (cophenetic correlation = 0.972); it is congruent with the 
topologies obtained from Cavalli-Sforza and Edwards' (1967) arc and 
chord distance coefficients, although the latter had slightly lower 
cophenetic correlations (0.966 and 0.967, respectively). The 
consistently high cophenetic correlations obtained in all analyses 
indicate that the topologies produced are reasonably accurate 
representations of relationships among accession groups, at least to 
the extent that these relationships are captured in the RFLP-based 
distance matrices. 
The most notable difference between the topologies shown in 
Figs. 4A and 4B is the placement of the Santa Rosa/El Salvador-
Honduras /Nicaragua lineage (accession groups 13 and 16). In Fig. 4A, 
the Santa Rosa/El Salvador-Honduras/Nicaragua lineage is embedded 
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Fig. 4. Optimized rooted distance-Wagner trees based on genetic 
distance matrices among groups of Mesoamerican G. hirsutum 
accessions and G. barbadense-. (A) Roger's distance 
coefficient (cophenetic correlation = 0.980); (B) Modified 
Roger's distance coefficient (cophenetic correlation = 0.972) 
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within the other G. hirsutum accessions sister to the geographically 
adjacent Jutiapa accessions (accession group 11), but in Fig. 4B, this 
lineage is basal to the remainder of the G. hirsutum accessions. 
Because of this topological uncertainty, the phylogenetic relationship 
between the Santa Rosa/El Salvador-Honduras/Nicaragua (accession 
groups 13 and 16) lineage and the remainder of the G. hirsutum 
accessions is unresolved. 
Discussion 
RFLP diversity in G. hirsutum 
The percentage of nuclear clones that detect RFLPs in plants 
varies widely depending on the source of the probes (cDNA, BcoRI 
genomic fragments, or PstI genomic fragments), the range of diversity 
encompassed by the accessions studied, and the number of enzyme-probe 
combinations used (Landry et al., 1987; McCouch et al., 1988; Miller 
and Tanksley, 1990; Nodari et al., 1992). Accordingly, direct 
comparisons of studies is limited by the diverse probing strategies 
used. In this study, 51% of probes revealed polymorphisms in G. 
hirsutum. This is roughly equivalent to percentages obtained in other 
taxa under similar conditions, that is, PstI genomic clones hybridized 
to EcoRI-digested genomic DNA of accessions from a single plant 
species. For example, 45% of the probes used revealed polymorphisms 
among nine Phaseolus vulgaris accessions (Fig. 2 in Nodari et al., 
1992); 72% among 19 Brassica campestris accessions, and 69% among 17 
B. oleracea accessions (Figdore et al., 1988). 
One surprising observation was that levels of RFLP diversity in 
G. hirsutum (A=1.24, Hy=0.048, P=22.4%) are much lower than those 
reported for most other taxa (Table 6). These results were unexpected 
because levels of allozyme diversity in G. hirsutum are not unusually 
low (Wendel, Brubaker, and Percival, 1992). Explanations for the 
discrepancy between the diversity estimates reported here and those 
Table 6. Summary of reported levels of RFLP diversity in plant taxa 
Taxon N Clones Enzymes Scoring Comments Diversity estimates'' References 
Arachis 4 7 PstI EcoRI fragment frequencies= anonymous clones; Hj^O.043 Paik-Ro, 
batizocoi 3 cDNA EcoRV allele frequencies at wild diploids; P=10% Smith, and 
loci (probes) single probe/enzyme Knauft, 1992 
combinations analyzed; 
only clones detecting 2 
bands in the tetraploids 
used 
^ Diversity estimates: Hj^ l-Z(pj^)^ averaged across all loci, where the p^'s represent allele frequencies (Nei, 1987); 
(l/L)Zi{ [nj^/(nj^-l) ] [1-Zj (Pj^jjj) ^ ] }, where P^jj^ represents the frequency of restriction fragment pattern j with probe i in 
taxon (geographical group) k, the nj^'s represent the number of accessions in the taxon k, and L=the number of probes (Nei and 
Roychoudhury, 1974); and hg= -Z [p^ (In Pj^)], p^ represents the frequency of the i*-^ phenotype (Shannon's information 
statistic. Bowman et al., 1971) . 
^ Unweighted mean of Hj, values for accessions from Algeria, Ethiopia, Iram, Iraq, Israel, Lebanon, Morocco, and Syria; 
range of values is indicated parenthetically. 
^ McGrath and Quiros (1992) based their estimates only on the three polymorphic allozyme loci; the figures listed 
above have been recalculated to include monomorphic loci. 
Calculated by Wendel and Brubaker (unpublished) based on data reported in Mendel et al. (1992), see Whitkus, 
Doebley, and Wendel (in press). 
® Calculated by Havey and Muehlbauer (1989) from data reported by Hoffman et al. (1986). 
^ Tetraploidy only occurs in S. bicolor ssp. arundinaceum race verticilliflorum. 
^Calculated by Doebley (unpublished) based on data presented in Morden, Doebley, and Schertz (1989, 1990) and Aldrich 
et al. (1992), see Whitkus, Doebley, Wendel (in press). 
Table 6. (continued) 
Taxon N Clones Enzymes Scoring 
Arachis 4 7 PstI EcoRI fragment frequencies= 
cardenasii 3 cDNA EcoRV allele frequencies at 
loci (probes) 
Arachis 5 7 PstI EcoRI fragment frequencies^ 
duranensis 3 cDNA EcoRV allele frequencies at 
loci (probes) 
Arachis 4 7 PstI EcoRI fragment frequencies= 
glandulifera 3 cDNA EcoRV allele frequencies at 
loci (probes) 
Avena 173 48 PstI 
sterilis 
EcoRI restriction fragment 
pattern frequencies= 
allele frequencies at 
loci (probes) 
Brassica 20 4 cDNA EcoRI Locus/allele model 
cainpesCris restriction fragment 
pattern frequencies= 
allele frequencies at 
loci (/probes) 
Comments Diversity estimates" References 
anonymous clones; 
wild diploids; 
single probe/enzyme 
combinations analysed; 
only clones detecting 2 
bands in the tetraploids 
used 
P=80% 
Paik-Ro, 
Smith, and 
Knauft, 1992 
anonymous clones; 
wild diploids; 
single probe/enzyme 
combinations analysed; 
only clones detecting 2 
bands in the tetraploids 
used 
Jf^0.31G 
P=80% 
Paik-Ro, 
Smith, and 
Knauft, 1992 
anonymous clones; 
wild diploids; 
single probe/enzyme 
combinations analysed; 
only clones detecting 2 
bands in the tetraploids 
used 
P=50% 
Paik-Ro, 
Smith, and 
Knauft, 1992 
anonymous clones; 
wild hexaploids 
Hj^O.36'- (0.31-0.45) 
90% of probes 
polymorphic 
Goffreda, et 
al., 1992 
mapped clones; 
cultivated diploids 
RFLP and allozyme 
diversity 
estimates based on the 
same accessions 
A=8.5 
(5 allozyme loci : 
Hj^=0.311; A=2.0)"= 
McGrath and 
Quiros, 1992 
Table 6. (continued) 
Taxon N Clones Enzymes Scoring 
Gossypium 88 88 PstI EcdRI Locus/allele model 
hirsucum restriction fragment 
(23 Upland pattern frequencies^ 
cultivars) allele frequencies at 
loci (probes) 
Lactuca 47 55 cDNA EcoRI fragment frequencies= 
sativa & PstI EcoKV allele frequencies at 
HindiII loci (probe/enzyme 
combination) 
Lactuca 
serriola 
55 cDNA EcoRI fragment frequencies= 
& PstI BcoRV allele frequencies at 
Hindlll loci (probe/enzyme 
combination) 
Lactuca 
saligna 
55 cDNA EcoRI fragment frequencies^ 
& PstI EcoRV allele frequencies at 
Hindlll loci (probe/enzyme 
combination) 
Lactuca 
virosa 
55 cDNA EcoRI fragment frequencies^ 
& PstI EcoRV allele frequencies at 
Hindlll loci (probe/enzyme 
combination) 
Lens 
culinaris 
30 2 cDNA 
3 EcoRI 
5 PstI 
Bglll 
EcoRI 
EcoRV 
Hindlll 
fragment frequencies^ 
allele frequencies at 
loci (probes) 
Comments Diversity estimates'' References 
anonymous clones; 
wild, feral, commensal, 
and cultivated 
tetraploids; 
RFLP and allozyme 
diversity 
estimates based on the 
same accessions 
Hj^O.048, A=1.24, 
P=22% 
(Upland: Hf=0.014, 
A=1.02, P=7%) 
(50 allozyme loci: 
Hj^0.12, A=1.70, 
P=46%)'^ 
this 
paper 
mapped clones ; 
cultivated diploids 
HT,=0.31 Kesseli, 
Oswaldo, 
and, 
Michelmore, 
1991 
mapped clones ; 
wild diploids 
Hrr^O - 45 Kesseli, 
Oswaldo, 
and, 
Michelmore, 
1991 
03 lO 
mapped clones; 
wild diploids 
Kesseli, 
Oswaldo, 
and, 
Michelmore, 
1991 
mapped clones; 
wild diploids 
Hj^0.13 Kesseli, 
Oswaldo, 
and, 
Michelmore, 
1991 
mapped clones; 
wild and cultivated 
diploids; 
single enzyme/probe 
combinations analyzed 
Hj^O.510 
(cult, ssp culinaris 
Hy=0.18) 
(allozyme data, 
Hj^O.422)® 
Havey and 
Muehlbauer, 
1989 
Table 6. (continued) 
Taxon N Clones Enzymes Scoring Comments Diversity estimates" References 
Oryza 26 48 PS CI EcoRI restriction fragment mapped clones; 0. sativa, hg=0.438 Zhang et 
sativa 1 rDNA EcoRV pattems=phenotypes ; multiple enzyme/probe indica, hg=0.47G al., 1992 
(12 indica & Xbal phenotype frequencies combinations analyzed; japonica, hg=0.128 
14 japonica) used in analysis cultivated diploids 
Sorghum 49 50 'low- EcoRI Locus/allele model mapped clones; wild: A=3.34, P=85%, Aldrich and 
bicolor copy- EcoRV restriction fragment wild and cultivated Hji=0.0.40 (allozymes: Doebley, 
number HindIII pattern frequencies= diploids A=2.13, P=70%, 1992 
nuclear allele frequencies at (& tetraploids^); Hj^O.15) Whitkus, 
DNA loci (jïprobes) RFLP and allozyme cultivated: A=2.26, Doebley, and 
sequences diversity P=72%, Hjv=0.28 Wendel, in 
• estimates based on the (allozymes: A=1.53, press 
same accessions; P=43%, HJ^=0.09)9 
single/enzyme probe 
combinations 
Triticum 102 25 PstI HindIII restriction fragment mapped clones; Hjj=0.33 Lubbers et 
tauschix pattern frequencies^ wild diploid P=80% al., 1991 
allele frequencies at 
loci (probes) 
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reported for other plant taxa (Table 6) may involve both biological 
differences among taxa and methodological differences, especially with 
respect to analytical methods. 
From an analytical standpoint, comparing diversity estimates 
across taxa is complicated by the several alternative interpretations 
of what constitutes an RFLP "locus." In some cases individual probes 
are inappropriately considered equivalent to loci regardless of the 
number of enzymes with which the DNA was restricted or the number of 
distinct genomic regions detected with each probe (Havey and 
Muehlbauer, 1989; Lubbers et al., 1991; Goffreda et al., 1992; Paik-
Ro, Smith, and Knauft, 1992). In other studies, each individual 
probe/enzyme combination is interpreted as a separate locus (Kesseli, 
Oswaldo, and Michelmore, 1991). Clearly, only in those cases where a 
probe hybridizes to a single genomic location will there be 
equivalence between probe number and locus number. These conditions 
are met for only a fraction of the probes used in diploid plants and 
virtually none in polyploid plants. Thus, an a priori assumption that 
probes are equal to loci will artificially elevate diversity measures. 
In the allotetraploids G. barbadense and G. hirsutum, for example, 69% 
of the probes revealed two loci, 27% more than 2 loci, and only 4% a 
single locus (see Table 3). The implication is that the diversity 
estimates reported in Table 6 are probably inflated, on a per locus 
basis, for most of the polyploids examined (e.g., Avena sterilis), and 
may be inflated to an unknown extent in the studies where probes were 
equated with loci in diploid plants (e.g., Arachis spp, Brassica 
campetris, Lactuca spp. Lens culinaris, Oryza sativa, Sorghum bicolor, 
Triticum tauschii). 
Similar problems exist in interpreting each probe/enzyme 
combination as a separate locus. Because most RFLPs arise from 
insertions, deletions, and inversions (McCouch et al., 1988), the use 
of multiple restriction enzymes per probe produces at least partially 
redundant detection of structural mutations, thereby artificially 
increasing diversity estimates. 
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Although these analytical discrepancies may partly account for 
the low diversity estimates observed in G. hirsutum, comparisons with 
other studies using appropriate locus/allele models indicate that 
there are other factors involved. Both Aldrich and Doebley (1992) and 
McGrath and Quiros (1992), for example, report RFLP diversity 
estimates that are much higher than those observed in G. hirsutum 
(Table 6). 
It was thought that perhaps this difference might have arisen 
from the use of mapped clones in both the Aldrich and Doebley (1992) 
and McGrath and Quiros (1992) studies. The use of mapped clones is 
attractive in RFLP studies because complete and well-spaced genomic 
coverage is guaranteed. Probes mapped by segregation analysis are, by 
definition, polymorphic in a least a portion of the gene pool 
examined, and it is possible that their use biases diversity estimates 
upward. To examine this possibility, 42 of the clones used here were 
subsequently mapped in one of three Fg populations (Reinisch et al., 
in press). When diversity estimates were recalculated using only data 
derived from these probes, however, diversity estimates for G. 
hirsutum changed very little: P=25%, A=1.30, .043. 
This observation suggests the low RFLP diversity in G. hirsutum 
reflects one or more biological phenomena, although too few plant taxa 
have been surveyed for RFLP variation to allow much insight into what 
these phenomena might be. We would point out, however, that with the 
exception of G. hirsutum, all the taxa included in Table 6 are 
perennial or herbaceous annuals and the majority are diploids. 
Gossypium hirsutum, in contrast, is a perennial tetraploid. In 
addition, almost all the G. hirsutum accessions are domesticated while 
many of the taxa in Table 6 are wild or include significant numbers of 
wild accessions. 
Allozyme versus RFLP estimates of diversity 
Not only are levels of RFLP diversity (A=1.24, Hji=0.048, 
P=22.4%) low in G. hirsutum, but they are much lower than estimates of 
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allozyme diversity {A=1.70, H-^0.12, P=46%; recalculated from Mendel, 
Brubaker, and Percival, 1992, using only data from the accessions 
studied here). In contrast, Aldrich and Doebley (1992), McGrath and 
Quiros (1992), and Havey and Muehlbauer (1989), who applied RFLP and 
allozyme analysis to a common set of accessions, report RFLP diversity 
estimates that are higher than allozyme estimates. This result was 
expected, as RFLP analyis has been considered more sensitive than 
allozymes for revealing genetic diversity (Keim, Shoemaker, and 
Palmer, 1989; Chase, Ortega, and Vallejos, 1991; Messmer et al., 1991; 
Aldrich and Doebley, 1992; McGrath and Quiros, 1992; Whitkus, Doebley 
and Mendel, in press). The reasons why G. hirsutum violates this 
expectation is unclear, but it is likely that differences in 
methodology and life history features are involved. Regardless of the 
particular causal factors, it seems clear that as a wider variety of 
plant taxa are surveyed, the generalization that RFLPs are more 
sensitive than allozymes in detecting genetic variation will prove to 
be less universal. 
IntrogreBBion 
Gossypium hirsutum and G. barbadense were fixed or nearly fixed 
for alternate alleles at eighteen loci (Table 2: A320D, A320E, A330F, 
A330G, A331A, AllOOB, A1107C, AllOSB, A1118A, A1159F, A1172A, A1174B, 
A11S9B, A1536B, A1591B, G510A, G1071B, and G1134A). At two of these 
loci, an allele fixed in G. barbadense occurred at low frequency in G. 
hirsutum (A320D-2: TX372, TX691, TX1091; A1536B-2: TX2094). 
Correspondingly, six alleles that are otherwise restricted to G. 
hirsutum were discovered in G. barbadense accessions {AllOOB-2: Pima 
S-5, Pima 3-79 A1118A-2-. B444, B559; A1189B-2: K133 ; A1591B-1: B559; 
G1071B-1: Pima S-5, Pima 3-79; R1134A-2-. Pima S-5, Pima 3-79). Nearly 
all of these G. hirsutum accessions were collected from areas of 
sympatry with G. barbadense: TX372-Santa Rosa, Guatemala; TX691-
Honduras; TX1091-Nicaragua. The accession TX2094 (Yucatan, Mexico) 
represents the sole exception. The putatively introgressant G. 
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barhadense accessions originate from Venezuela (B559), Argentina 
(K133), and Columbia {B444), or are improved cultivars (Pima S-5, Pima 
3-79). Allele A320E-2, detected here as fixed in G. barhadense (see 
Table 2), occurs in a Martinique G. hirsutum accession (TX1267) that 
was not included in this study. These data were cited earlier by 
Brubaker, Koontz, and Mendel (1993) using a slightly different 
nomenclature: A320-^B=A320D-2-, A320-5B=A320E-2 ; A1100-2B=A1100B-2 ; 
A1118-lB=A1118A-2; A1189-2B=A1189B-2; AlS36-2B=A1536B-2; 
A1591'2A=A1591B-1; R1071-2A=G1071B-1; R1134-lB=R1134A-2. 
Although some of these putatively introgressant alleles may 
represent alleles that have been differentially retained in different 
tetraploid lineages (symplesiomorphy) and others may represent non­
homologous fragments of equal length (convergence), it is probable 
that the low frequency appearance in one species of alleles for which 
the other species is fixed is the result of interspecific gene flow. 
This assertion is bolstered by previous allozyme (Wendel, Brubaker, 
and Percival, 1992) and cpDNA (Brubaker, Koontz, and Wendel, 1993) 
evidence that documented low levels of bi-directional introgression 
between G. hirsutum and G. barbadense. In addition, with only one 
exception, none of the accessions containing putatively introgessed 
alleles are part of the basal-most lineage of the Mesoamerican 
accessions, thereby arguing against symplesiomorphy. The co-occurence 
of putatively introgressed alleles in individual accessions also 
suggests that convergence is unlikely. Finally, the fact that the 
geographical provenances of the putatively introgressed accessions in 
this study are congruent with the observed patterns of introgression 
detected using other independent morphological and molecular markers 
increases confidence in our inference of introgression (see Brubaker, 
Koontz, and Wendel, 1993). 
The single exception, where introgression may not be the most 
parsimonious explanation, is accession TX2094. This wild shrub is an 
unlikely candidate for introgression because it occurs in portions of 
the G, hirsutum range in which G. barbadense is not an indigenous 
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element and because it has not been altered by human domestication. 
It is possible that the single allele A1536B-2 represents a 
symplesiomorphy or a convergent phenotype. It should be noted, 
however, that during the United States Civil War, G. barbadense was 
cultivated in the Yucatan on a commercial scale (Standley, 1930) 
leading to the possibility that A1536B-2 was captured during this 
brief period. 
Domestication of G. hirautim 
Phenetic and phylogenetic analyses of the RFLP data reveal 
relationships among accessions obscured in an earlier study based on 
allozyme data (Wendel, Brubaker, and Percival, 1992) . Most notable is 
the observation, supported by both phylogenetic topologies (Figs. 4A 
and 4B) that G. hirsutum accessions fall into three lineages: (1) a 
Central American lineage, comprising mostly 'marie-galante' accessions 
from Santa Rosa, Guatemala, El Salvador, Honduras, and Nicaragua 
(groups 13,16); (2) a basal Yucatan peninsular lineage (groups 
5,10,14,15,17), comprising mostly 'yucatanense' and 'punctatum' 
accessions; and (3) a derived lineage, sister to the Yucatan 
peninsular lineage, containing all but one of the 'latifolium' groups 
and both groups of 'palmeri' accessions (groups 
1,2,3,4,6,7,8,9,11,12,18,19). This fundamental division into three 
primary lineages is reflected in the genetic clusters evident in the 
principal component analysis (Fig. 3) . 
The close genetic and phylogenetic relationship between the 
Yucatan peninsular and the 'latifolium'/'palmeri' lineages provides 
critical data that bear directly on the question of where G. hirsutum 
was first domesticated. In this respect, it is noteworthy that the 
'yucatanense' and 'punctatum' accessions that constitute the bulk of 
the basal Yucatan peninsular lineage are either wild or have undergone 
only minimal human selection. In contrast, accessions in the 
'latifolium'/'palmeri' lineage exist only under domestication and 
exhibit more extensive levels of human selection. These observations. 
89 
in conjunction with the cladistically basal position of the Yucatan 
peninsular lineage relative to the 'latifolium'/'palmeri' lineage, 
suggest that the coastal Yucatan peninsula represents the primary 
geographical location of cotton domestication in Mesoamerica and that 
the accessions in the 'latifolium'/'palmeri' lineage represent 
secondary derivatives of the earliest domesticated forms. 
Morphological considerations are fully consistent with this 
interpretation. Race 'punctatum', which is considered a primitively 
domesticated landrace, has lint quality and yield characteristics that 
are intermediate between the wildest forms of G. hirsutum and races 
that have undergone more extensive human manipulation, e.g., races 
'palmeri' and 'latifolium' (Hutchinson, 1951). In addition, a high 
proportion (about 66%) of 'punctatum' accessions have "tufted seeds" 
(Hutchinson, 1951; Smith and Stephens, 1971). Tufted seeds have also 
been described from race 'latifolium' but at a lower freqency (15%-
20%; Hutchinson, 1951). Seed fibers in G. hirsutum are varyingly 
differentiated into long easily detached lint fibers and a more 
strongly attached shorter underlying fuzz layer (Stephens, 1967). 
Although the fuzzy-seeded forms typically have higher quality lint, 
the fuzz interferes with hand ginning. Tufted seeds lack the fuzz 
layer, thus facilitating hand ginning (Smith and Stephens, 1971). 
Because ginning technology was not introduced into the New World until 
after the arrival of the Europeans, tufted seeds, which are easily 
ginned by hand, arguably represent early domesticated forms. In this 
respect, it is noteworthy that the earliest unambiguously indentified 
archeological remains of G. hirsutum (from the Oaxaca Valley of 
Mexico, 700-1300 AD) contained 23 tufted seeds and only 5 fuzzy seeds. 
If 'punctatum' does represent the earliest domesticated form of 
G. hirsutum, one might expect that it should be associated, 
geographically, genetically, and morphologically, with its wild 
progenitors (Zohary and Hopf, 1988; Harlan, 1992). From each of these 
standpoints, the only available candidate is race 'yucatanense'. The 
Yucatan peninsula, which represents the center of morphological 
90 
diversity for 'pimctatum', also is the sole geographic region 
containing race 'yucatanense'. 'Yucatanense' is known exclusively as 
a wild plant and is found as a dominant constituent of undisturbed 
beach strand vegetation (Hutchinson, 1951; Stephens, 1958; Sauer, 
1967) . Morphologically, it intergrades with the more inland 
'punctatum' (Hutchinson, 1951). 
The characterization of the Gulf coastal 'yucatanense' 
populations as truly wild is not universally accepted. Although the 
small impermeable seeds bearing sparse, coarse, dirty-brown lint make 
these coastal 'yucatanense' individuals the most agronomically 
primitive in the species, the lint is spinnable. According to 
Stephens (1958, 1967) and Hutchinson (1951), this is indicative of 
human manipulation. This interpretation, however, requires two 
improbable events. First, that race 'yucatanense' redeveloped a suite 
of morphological characteristics that would have been actively 
selected against under cultivation, i.e., small seeds with impermeable 
seed coats, sparse coarse lint, and delayed seed germination. Second, 
that the inland populations of wild G. hirsutum (if they ever existed) 
were completely supplanted by domesticated forms or their feral 
derivatives subsequent to domestication. Following the Mesoamerican 
collecting expeditions of Richmond [1945-46], Ware and Manning [1948], 
and Stephens [1946-47], Stephens (1958) noted, however, that "In spite 
of extensive searches for other wild forms of hirsutum [sic], none was 
found; [with the single exception of a G. hirsutum race 'yucatanense' 
accession collected from the northern shore of the Yucatan peninsula 
where it forms a significant proportion of the native coastal 
vegetation] the remainder of the collections [consist] entirely of 
cottons grown in small native cultivations or subsisting in cleared 
areas at the edges of villages" (see also Anonymous, 1974). Our 
interpretation, therefore, of the phylogenetically basal position and 
primitive morphology of race 'yucatanense' is that it is a truly wild 
entity rather than a reestablished feral derivative of an early 
domesticated form. This interpretation is consistent with the 
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observation that scattered littoral distributions characterize all 
other wild tetraploid Gossypium species (Fryxell, 1979). Accordingly, 
we suggest that the morphological intergradation, geographical 
proximity, and genetic similarity of race 'yucatanense' to inland 
'punctatum' populations reflects a relationship between the first 
domesticated form of G. hirsutum and its wild progenitor. 
Dissemination of the early domesticates and the development of a 
secondary center of diversity in southern Mexico and Guatemala 
If our interpretation is correct that G. hirsutum was initially 
domesticated in the coastal regions of the Yucatan peninsula, then 
inland commensal races represent secondary derivatives of the more 
primitive 'punctatums'. Under this scenario, the present geographical 
distribution of 'punctatum' throughout the gulf coastal states of 
Mexico and the westernmost Caribbean islands (Hutchinson, 1951) must 
have arisen as a consequence of dispersal by humans. The question 
then becomes: from what part of the 'punctatum' range were the other 
widespread commensal forms of G. hirsutum developed (i.e., 'marie-
galante', 'palmeri', 'latifolium')? Although the RFLP data do not 
provide sufficient resolution to pinpoint ancestral geographic 
locations, they do offer insight into the development of each of these 
races. 
The most isolated race, from a phylogenetic and phenetic 
perspective, is 'marie-galante', which accounts for the bulk of the 
Central American lineage (Figs. 3, 4). The relationship of 'marie-
galante' to the remainder of Hutchinson's (1951) geographical races is 
unclear. 'Marie-galante' is the only G. hirsutum race widely 
distributed throughout the Caribbean, northern South America, and 
Central America, where it is sympatric with G. barbadense. The 
extensive and well documented interspecific introgression between G. 
barbadense and 'marie-galante' (Brubaker, Koontz and Wendel, 1993; 
Stephens, 1967, 1974; Wendel, Brubaker and Percival, 1992) led 
Stephens (1967) to propose that race 'marie-galante' originated via 
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introgression between the two species in the Caribbean, and that it 
later spread to its present range. If this interpretation is correct, 
the Central American 'marie galante' accessions included in this study-
would be considered later introductions via northern South American or 
Caribbean trade routes. Alternatively, it is possible that 'marie-
galante' arose de novo in Central America and experienced extensive 
introgression as it diffused or was dispersed throughout northern 
South America and into the Caribbean. Unfortunately, the RFLP data 
reported here are equivocal regarding these competing hypotheses, 
although they highlight the distinctive nature of this race. In 
addition to its phylogenetic and phenetic isolation (Figs. 3, 4), ten 
alleles were detected in the Central American accessions that were 
otherwise undetected in either G. hirsutum or G. barbadense (Table 2: 
A308C-1, A320D-2, A325B-2, A326A-1, A1108B-2, A1159G-1, G509A-2, 
G523B-2, G1005E-1; G1134C-2). Regardless of the origin of race 
'marie-galante', it is clear that there has been little gene flow 
between accessions in the Central American lineage and those in the 
'latifolium'/'palmeri' and Yucatan peninsular lineages. 
With respect to the development of races 'latifolium' and 
'palmeri', a key observation is that all accessions in these groups 
show evidence of more extensive agronomic manipulation and 
development, relative to their presumed 'punctatum' ancestors from the 
Yucatan. The high genetic identities and close phenetic and 
phylogenetic relationships between the 'latifolium' and 'palmeri' 
accessions suggests that these groups share a common genetic and 
geographical point of origin. Their distinct morphologies, however, 
suggest that they experienced divergent, later agronomic developments. 
Race 'palmeri' is a small-fruited, pyramidally-shaped, perennial shrub 
with deeply laciniate leaves, while race 'latifolium' is a short, 
compact, early-bearing (annualized) shrub bearing broad, shallowly 
lobed leaves and medium to large fruits (Hutchinson, 1951). 
Support for the development of 'latifolium' in southern Mexico 
and Guatemala, as opposed to the Yucatan Peninsula, is provided by the 
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ethnobotanical observations of Cook (1905, 1906) and Stephens (1958) . 
'Latifoliums', in contrast to the more arborescent, perennial races, 
typically are annualized to the extent that although they can persist 
over several years, they bear their heaviest crop the first year 
(Hutchinson, 1951). A possible explanation for the selection of 
early-cropping in cotton comes from agricultural practices similar to 
those observed among the Guatemalan Kekchi Indians, who would 
intercrop cotton with peppers (Cook, 1906). The cotton plants were 
culled as soon as the majority of the crop was mature, to provide 
additional room for the maturing peppers; the net effect surely was 
intense selection for an annualized or rapidly maturing cotton. These 
cottons, identified as 'latifolium' by Cook (1905, 1906) probably 
represent indigenously domesticated forms rather than later European 
introductions because the Kekchi strongly resisted European culture 
and agriculture and refused to cultivate introduced crops (Cook 1905). 
Stephens (1958) also describes an early-cropping commensal cotton that 
was cultivated by the Lacandon tribe in a remote region of northern 
Guatemala. As with the Kekchi, they adamantly avoided social and 
cultural intercourse with Europeans. 
In light of their high phenetic and phylogenetic similarities, 
the geographical distributions and divergent morphologies of the 
'palmeri' and 'latifolium' accessions are interpreted as relatively 
late agronomic developments and dd sseminations from southern Mexican 
and Guatemalan stocks. We suggest, therefore, that the southern 
Mexican and Guatemalan "center of diversity" arose relatively late in 
the history of cotton domestication, in a region geographically 
distant from the origin of the first domesticated forms. 
Development of Upland cotton 
The secondary development of a center of diversity in southern 
Mexico and Guatemala would account for the discrepancy between genetic 
data and historical accounts regarding the origin of Upland cotton. 
It is often assumed that a small number of Mexican highland stocks 
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introduced into the southern United States during the 19th century 
contributed the bulk the current Upland gene pool (discussed in 
Wendel, Brubaker, and Percival, 1992). Allozyme data, however, 
demonstrate that Upland cultivars are genetically allied to accessions 
from southern Mexico and Guatemala. Similarly, phenetic and 
phylogenetic analysis of the RFLP data (Figs. 3, 4) show that Upland 
cotton is embedded within 'latifolium' accessions from southern Mexico 
and Guatemala, in particular 'latifolium' accessions from the eastern 
Guatemalan department of Jutiapa. It seems probable, therefore, that 
the accessions introduced into the southern United States from the 
Mexican highlands had earlier origins in southern Mexico and 
Guatemala. 
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PERSPECTIVES AND PROSPECTS 
Several millennia of pre-and post-Columbian human selection and 
germplasm diffusion have obscured some of the most basic details of 
the natural ecology, geography, and morphology of G. hirsutum. This 
dissertation demonstrates, however, that applying a number of 
molecular markers to a large number of accessions that span the wild 
to domesticated continuum and encompass the complete morphological, 
geographical, and ecological diversity of G. hirsutum can aid in 
stripping away the layers of human cultural effects. This research 
strategy provides insight into some of the changes that arose due to 
human selection as well as the evolutionary and genetic patterns that 
existed prior to human domestication. More specifically, this 
dissertation was an attempt : (1) to resolve the cladistic, genetic, 
and taxonomic relationships within G. hirsutum and between G. hirsutum 
and the geographically sympatric G. lanceolatum; (2) to estimate 
levels and patterns of cytoplasmic gene flow between indigenous and 
modern highly improved cultivars of G. hirsutum and G. barbadense in 
the context of previously described levels and patterns of nuclear 
gene flow; (3) to use patterns of nuclear RFLP diversity to locate the 
most probable geographical origin(s) of domesticated G. hirsutum and 
to shed light on its diffusion pathways subsequent to its initial 
domestication. 
Although the research strategy employed here did not resolve 
every issue, a number of observations are worthy of recapitulation. 
1. The complete interfertility between G. hirsutum and G. 
lanceolatum, previous evidence for conspecificity, and 
multivariate analyses of allozyme allelic variation 
demonstrate that G. lanceolatum is genetically embedded 
within and cladistically indistinguishable from G. hirsutum 
and is therefore most properly recognized as G. hirsutum 
race 'palmeri'. 
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2. The accumulated molecular data suggest that G. hirsutum 
sensu lato as well as New World tetraploid Gossypium are 
monophyletic. 
3. Introgression between G. hirsutum and G. barbadense is 
bidirectional for both nuclear and cytoplasmic genes. 
4. Patterns of introgression between G. hirsutum and G. 
barbadense are not symmetrical. Introgression of G. 
hirsutum alleles into G. barbadense is largely restricted to 
modern cultivars and is uncommon in areas of sympatry. In 
contrast, introgression of G. barbadense alleles into G. 
hirsutum is relatively common in areas of sympatry and is 
rare in modern cultivars. 
5. Nuclear introgression between G. hirsutum and G. barbadense 
is geographically more widespread and more frequently 
detected than cytoplasmic introgression. 
S. Phenetic and phylogenetic analyses of allelic variation at 
205 RFLP loci surveyed in G. hirsutum (in conjunction with 
previously published molecular and, morphological, and 
anthropological information) suggest that coastal Yucatan 
populations are truly wild rather than reestablished feral 
derivatives. 
7. The geographical proximity of these wild coastal populations 
to agronomically primitive forms of G. hirsutum implicates 
the Yucatan peninsula as the primary site for the earliest 
stages of domestication. Widespread dispersal of 
agronomically advanced cultigens developed in southern 
Mexico and Guatemala from introduced Yucatan peninsular 
forms created the secondary center of diversity 
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traditionally interpreted as the geographical origin of 
domesticated G. hirsutum. 
8. The gene pool of modern Upland cultivars of G. hirsutum 
derives from Mexican highland populations that in turn trace 
their origins to southern Mexican and Guatemalan. 
9. Levels of RFLP variation in G. hirsutum (#2=0.048, A=1.24, 
and P=22%) are low relative to other plant taxa, and, in 
contrast to the few comparable studies, levels of allozyme 
variation are higher than levels of RFLP variation. 
10. Despite assaying 205 loci, only six of the 23 Upland 
cultivars have unique multilocus genotypes. 
These observations have widespread implications for studies of 
levels and patterns of genetic diversity in other domesticated plant 
species. First, the morphological differences that arise as a result 
of human selection can belie underlying genetic relationships, as was 
demonstrated for G. hirsutum race 'palmeri'(=G. lanceolatum). Other 
morphological differences, however, appear to correlate well with 
underlying genetic relationships. For example, the morphological and 
genetic discrimination between G. hirsutum race 'marie galante' and 
the Mesoamerican G. hirsutum populations is real and probably results 
from "natural" evolutionary forces (including interspecific 
introgression), long term geographical isolation, and human cultural 
influences. Second, human-mediated germplasm diffusion nearly always 
accompanies domestication and can confound geographical patterns of 
genetic diversity when the geographical ranges of genetically distinct 
domesticated lineages overlap. A case in point is the geographically 
widespread but genetically coherent G. hirsutum race 'latifolium'. 
Nearly all of the G. hirsutum 'latifolium' accessions examined were 
genetically more similar to other 'latifolium' accessions than they 
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were to geographically adjacent accessions. Finally, the intensive 
human selection that characterizes modern breeding programs can result 
in the loss of extensive portions of genetic material. Although the 
data here highlighted the supplanting of the earliest G. hirsutum 
germplasm by later Mexican highland introductions in Upland cotton, by 
extension, it is reasonable to assume that the pedigrees of modern 
improved cultivars that have undergone many stages of selection 
provide little information regarding actual genetic makeup. 
Although the results described here provide a more complete 
understanding of the evolutionary and human cultural effects on G. 
hirsutum, many questions remain: 
1. Are the coastal populations of G. hirsutum (e.g., race 
yucatanense) truly wild? 
2. When did the original domestication take place and did 
domestication occur just once or several times? 
3. What was the original cultural context under which G. 
hirsutum was domesticated and how did selection pressures 
change with the introduction of European agricultural and 
weaving technology? 
4. What human cultural events resulted in the diffusion of G. 
hirsutum germplasm throughout Mesoamerica and the Caribbean? 
5. What is the ultimate origin and cultural history of the 
arborescent, Caribbean G. hirsutum race 'marie galante'? 
5. What is the genetic basis of the morphological 
transformations that arose as a result of human selection? 
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7. When, and by what mechanism, was the diverse early Upland 
gene pool lost? 
8. What is the molecular and evolutionary basis for the 
discrepancy between allozyme and nuclear based estimates of 
diversity? 
9. Under what ecological and cultural settings does 
interspecific introgression between indigenous G. hirsutum 
and G. barbadense populations occur? 
10. What is the genomic extent of introgression between G. 
hirsutum and G. barbadense? 
It is likely that some of these questions cannot be addressed 
with any known form of data (e.g., the cultural context of original 
domestication, the earliest human-mediated germplasm diffusion 
pathways, the time of original domestication, whether the earliest 
diffusions involved transfers of germplasm or cotton technology). 
These details may be hopelessly obscured by subsequent human cultural 
activity. Conversely, considerable insight into other questions is 
feasible with detailed experiments using currently available 
technology. For example, the genomic extent of nuclear introgression 
between G. hirsutum and G. barbadense can be determined on a 
chromosome by chromosome basis using mapped RFLP probes (Reinisch et 
al., in press). The genetic basis for the morphological 
transformations can be explored by mapping quantitative trait loci 
(QTLs) on preexisting RFLP maps. More intensive surveys of RFLP 
variation within the Caribbean center of allozyme allelic diversity 
may aid in resolving many of the questions surrounding the arborescent 
Caribbean race 'marie galante': (1) Was 'marie galante' domesticated 
independently of the Mesoamerican G. hirsutum populations or was it 
transported to the Caribbean from Mesoamerica during the earliest 
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stages of domestication; (2) Is the morphological similarity between 
race 'marie galante' and G. harbadense solely due to interspecific 
introgression between the two species or is it a reflection of common 
ancestry (symplesiomorphy) or convergence; (3) To what extent is the 
interspecific introgression between race 'marie galante' and G. 
barbadense a function of human cultural activity? Gossypium hirsutum 
will continue to serve as a model system for studying the effects of 
human selection on natural patterns of morphological and genetic 
diversity and introgression for many years to come. 
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